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FOREWORD

This final technfgcal report in two volumes covers the work periormed under Con-
tract AF 33(615)~3190 from 1 December 1964 through 8 July 1967, Volume I covers the
results of the experimental work.ir hydrostatic extrusion and Volume II contains the
work relative to design. and,constvuchon of high~pressure hydrostatic extrusion con-
tainers. The manusciipt was reledsed by the authors on 29 September 1967 for publica-
tion as an AFML_ technical répoxt.

Thxs contract with Battelle Memorial Institute of Columbus, Ohio, was initiated
under Nfunufacturing Methods Project No, 8-198, "Development of the Manufacturmg
Capabilities of the Hydrostatic-Extrusion Process" It was administered tinder the
technical direction of Mr, Charles S, Cook until Septemberr«l%s and then by
Mr, Gerald A, Gegel of the Metallurgical Processing Br,  \ \{(MATB), Manufacturing
Technology Division, Air Force Materials Laboratory, ¥ Satterson Air Force
Base, Chio. s

v

-

% The program was conducted at Battélle with the prime responsibility assigned to
the Metaiworlung Research Division and with Mr. R. J. Fiorentino, Associate Chief,
as Project Engineer, Others contnbuting to'the program were Mr, B. D, Richardson,
Research Metallurgical Engineer, Mr. ‘G. E. Meyer, Research Metallurgical Engineer,
Mr. F. W. Fawn, Technician, Mz, A, M. Sabroff, Division Chief, and Mr, F, W,
Boulger, Senior Technical Advisor, The late Mr, W. R. Hansen, Research Metallur-
gist, made a significant contribution to the program up to the time of his death in -
August, 1966, Mr. R. L. Jentgen, Associate Chief in the Structural Physics Division,
assisted in the fluid and lubrication studies of the progrem. Dr. J. C. Gerdeen,
Senior Research Mechapical Engineer in the Advanced Solid Mechanics Division, con-
, ducted the streas analysis for the high-pressure-container-design study. Mr, E. C.
-Rodébaugh, Mr, M, Vagins, Senior Mechanical Engineérs, and Mr, T. J. Atterbury,
Chiéf of the Appliedf Solid Mechanics Division, also assisted in this study,” Mr. R. E.
Melloh Research Mechanical Engineer of the Applied Solid Mechanics Division, de-
nigned an instrument for measuring fluid pressure at elevated temperatures, Data from
5 which this feport has been prepared are contained in Battelle Laboratory Record Books
Noc. 21799, 21990, 23065, 23287, 23585, 23791 23836, and 24446,
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This. project has been accomplished as a part of the Air Force Ma‘xi\u.faémnng
Methods program, the primary object of which is to develop, on a timely basis, manu-
facturing processes, techniques, and equipment for use in economical production of

‘USAF materials and components, The program encompa.sses the following technical
aATeas:.

Metallurgy - Rolling, Forging, “Extruding’, Casting, Fiber, Powder,
Chemical -~ Propellant, Costing, Ceramic, Graphite, Nonmetllics.
Fabrication = Forming, Material Removal, Joining, Components,

7 Electroaics -~ Solid State, {/hterxah and Special Techniques, Thermionics,

P I N

Suueationl concerning additional Manufacturing Methods development required on
thi- or other subjects will be ;pprcciated.

#4% . o ' " ;
H. A, JOHNSON, Chief . : )

Mstallurgical Pxoceuinq Brmh
Mmfuctutmg Technology Division’
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TR corinte o | e o S =

b} - ABSTRACT
‘ ! o
. The purpose of the program was to develop the manufacturing capabilities of the

hydrostatic-extrusion process, Specific applications studied were fabrication of wire,
tubing, and shapes from relatively difficult-to-work materials such as refractory-metal
alloys, high-strength steels, aluminum alloys, titanium alloys, beryllium, and other
2 selected materials, Phase I was concerned with ptocess optimization and Phase II

with direct process application, !

As-part of Phase I, the effects of critical process variables on pressure require-
ments and product quality were studied for wrought and powder materials ranging from
relatively high-strength easy to work materials such as aluminum alloys and steels to
the relatively more difficult-to-work materials such as Ti-6Al-4V titanium alloy and
superalloys, With these materials, fluids and lubricants tended to be the factor

“controlling pressure requirements and product quality, With almost every material
extruded the limit.in extrusion ratio was set by the design pressure capacity of the

containei -except for the aluminum alloys where the limit was,set more by the efficiency
_of the lubrication system,

In the }iydrosfaﬁc extrusion of brittle materials, die design proved to be the most
significant factor controlling the production of sound, good quality extrusions, New

die-design concepts have opened up new fields for the application of hydrostatic extru-
R sion to brittle materials,

4 S Except for the aluminum all‘oya; the hydrostatic extrudability of the above range
of materials was also investigated at 400 and 500 ¥, Again, fluids and lubricants were
developed to enable the production of good quality extrusions., Of particular interest

| here was the wide range of lti’i),jicants that operated successfully at this temperature
level ‘o
T '

| As part of Phase II of the program, tubing, rhill shapes and wire were produced
% from a variety of materials. For tubing, the flcating-rhandrel arrangement enabled
higher extrusion-ratio capabilities than those for solid rounds. An analysis of the

beneficial effects of thie floating-mandrel arrangement is given,

T<sections were extruded from round billets and were re-extruded irito smaller
T-sections, Materials evaluated here were 7075-0 aluminum, AISI 4340 &teel,
Ti-6Al1-4V alloy and Cb752 columbium alloy, The problem of sealing against leaks
between the T-billet and die in the re-extrusion of shapes was overcome to some
extent follewing the evaluation of several methods of sealing.

r

4 : .

45 ‘  In tne reduction of T-sections and wire, a technique cf hydrostatic-extrusion

J drawing developed at Battelle was used, This method, called the HYDRAW technique,
was used to reduce v ive of Ti-6Al-4V allay, beryllium, and ™ZM molybdenum alloy

. wire at single pass reductions of up to 60 percent, That redvytion appeared to be by
L. no meaps the limit of single-pass reduction achievable with }'ﬁem materials,

174 4
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During the experimental program, a study of high-pressure container d::‘signs

was made,

of high-pressure containers, b

H

This document i subject to special export
controls and each transmittal to foreign
governments or foreign nationals may be
made only with prior approval of the
Manufacturing Technology Division

o

Several design concepts that were analyzed are presented in detail in this

) report,, The most promising cuncept for containing fluid pressures up to 450,000 psi

"’ /3 inlarge-bore containers was that of using pressurized-fluid support as in the ring-
“fluid-ring design, This and other designs were analyzed on the basis of fatigue-
strength criterion, which is believed to be a new and more wound basis for the design
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LIST OF SYMBOLS SECTION 3

= coefficients of materials in fatigue relations

~

= the total number of components in a container; N also denotes the outermost
component

= a specific component when numbered from inside out; i.e., n=1, 2, ,,., N
= outside radius of component n, inches

=()inside radius of component n, inches.

= bore radius of container, inchés (inside radius of liner)

= outer radius of container, inches

= wall ratio of cqmponeixt ® ey = rn/ Tn-1

= over-all wall ratio of conta.xner, = rN/ro = k1ka, ..

= wall ratio of inner part‘ of ringuﬂuid—- segment container, K’ = r3/ N ’
= modulus of elasticltr of component n, psi

= prqnure‘astﬁ;é .on component ;: at Ty when p ¢ 0, psi

= prigiu;‘e acting or: component n at r:,',l when p"} 0, psi

= bore prensure, psi, po =P {internal pressure acting on the liner)

= regidual interface pressure acting oxf component n at ry, when p = 0, psi

= residual interface pressure required at room temperature for a container
d,signod for use at e?evated tempez:ature

T o= rnidnal interhce puuure acting on comiponent n at rn.) Whenp = 0, psi

= lhear li:r'en, p-i '
o
= uminngc in lhurcntr&ﬁl for a cycld of bore prauhru, pai

-2 "
ot ¢ . LN

@ ]

= mean shear atr'u for a eyc& of bors pressure, pli

u! [

.- ® minirhuni shiear stress during a cycle of bore preuure, psi

= ma.ximum lh"elr sgrun«durtng ;)cyclg« of bore pressure, psi

™, ¥

= duign tensile stress of ductih stoeI pai (r S ultxmatc tensile strength)

~ L o \«

" w,design tensile stress-of htgh-ntrengﬁ.h zteel, psi (o) S ultimaty tensile

strengty), . - |

/\A)\

umin&ge in tonaﬂe stress z‘d'r a cycle of bore preuure, pii
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_ = radial stress, psi

LIST OF SYMBOLS SECTION 3
(Continued)

= mean tensile stress for a cycle of bore preasure, psi

= yield tensile stress, ps:

= ultirnate tensile stress, psi

= minimum tensile stress during a cycle of bore pressure, psi

= maximum tensile stress during a cycle of bore pressure, psi

= circumferential stress, psi

= a¥ial {longitudinal) stress, psi

= gemirange Qtréss parameter for high-’-strgngth steel, Q, = (n-)r[u-l
= mean stress parameter for a higii- strength steel, &, = (o), /oy

= bending mornient on ring segmient

———
PR e

= bending noment on pin segment

= radial displacement, inches

= circumferential displacement, inches

«

= Poisson's. ratio . N

= cylindrical coordinates for radial, circumferential, and axial directiotis s
respectiv iy

= interference required (as manufactured) between cylinder, n, and cylinder,
n + 1, inches

»~

= interference required-(as manufactured) between the;‘i—’e::, segments, and
cylinder, 3, »f the ring~segment and ring-fluid-segment containers, inches

= coefficient of thermal expansion of material comprising rings 1 and 2
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XX
INTRODUCTION ' ;

The p;.u'pose of ‘this brogram was to develop the manufacturing capabilities of the

hydrostatic-extrusion process, The program was divided into two phases with the follow-
ing general objectives: .

Phase I, Process-ﬂevelopment Studies

Part 1, (a) To study the effect of critical process variables on pres-

: sure requirements and surface quality in hydrostatic extru- ‘
sion of AISI 4340 steel, Ti-6Al-4V titanium alloy, and 7075 ?

alurninum alloy, - "

(b) To correlate all available hydrostatic~-extrusion-pressure
data with material properties wherever nossible in order to }
assist direction of the expenmental effort and maximize the !
information developed on the present programi, ‘ 3

Part 2, To explore the hydrostatic extrudability of TZM molybdenum
alloy, beryllium, A286 iron-base superalloy, Alloy 718 nickel-
base superalloy, powder compacts, and other selected

. materials, , ]

Part 3, To conduct a design study for high-temperature, high-pressure E !
T hydrostatic-extruglon tooling based on {1) estimated pressure %‘
o requirements fo# high-iatio extrusion of materials of interest ¢
‘ Lo 4o, the Air Forcey (2) !\.est high-pressure-vessel technology, b
A\ -5 ..+ and (3) &ateat toohng materials available, 1
Part 4, To conduct a process -economic study on the construction, instal- : %

latzon, and operation of equipment with the same operational

- . and size requirements as the tooling dex. ;loped in the previous %

< program on Contract No. AF 33(600)-43528 £

B , g |
. %

‘Phase II, Process-Application Studies o |

- Part 1, To evaluate the application of the hydrostatic-extrusion process
for sizing and finishing conventionally hot-extruded (or rolled)
stractural shapes by various combinations of drawing and ex-
truding, Primary emphasis was to be on AISI 4340 steel, ¢
although same effort was to be devoted to Ti-6A1-4V, 7075-0;,
aluminam, ‘and selected refractory metals, '

Part 2, To de\.ermi:ne the feasibility of producing wire and fila—aonts

< . . from beryliium, TZM molybdenum alloy, and Ti-6Al~4V
) > titanium a,uc\y by combinations of hydrostatic extrusio:’ and
drawing. < .
S
149
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Part 3, To develop tooling and defire process parameters necessary for
the reduction of tube blanks to finish tubing from AISI 4340 steel,
7075-0 aluminum, and Ti-6Al1-4V titanium,

The results of the experimental and analytical work connected with Phases I and II were
covered in Interim Engineering Progress Reports I through IX,

This, the Final Technical Report in two volumes, contains the results of the pro-
gtam in their entirety. Volume I contains Section 1, M"A Study of tha Crzitical Process
Variables in the Hydrostatlc Extrusion of Several Materials' and Section 2, "Production
Aspects of Hydrostatic Extrusion!, Volume II contains Section 3, ''Analysis of Several
High-Pressure Container-Design Concepts' and Section 4, "Hydrostatic-Extrusion Con-
tainers Designed and Constructed in the Program'., The experimental program started

' December 1, 1964, and was completed on July 8, 1967.”
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SUMMARY OF VOLUME il

The experimental work conducted in this program has taken the technology of the
hydrostatic-extrusion process from the experimental stage to the threshold of its applica-
tion in a production operation, Commercial exploitation of’the process is possible with-
out any further major experimentation and it is believed that this report gives the guide~
lines that will enable these steps to be taken immediately, What remains now is the

. complete design of production hydrostatic-extrusion equipment that will be competitive
with conventional~extrusion equipment, At the time of this writing, a program is
underway at Battelle~Columbus Laboratories in which such equipment is being designed,
The program, "Design Study of Production Press for Ultrahigh-pressure Hydrostatic~
Extrusion Equipment!", is sponsored by the Metallurgical Processing Branch, Manu=

facturing Technology Division at anht ~Patterson Air Force Base, Ohio, on Contract
No. AF 33(616)-67-C-1434,

‘One of the most important.aspects of the aforementioned design study is the design
of the high-pressure container, Section 3 of this report contains a thorough analysis of
several concepts nf high-pressure containers, This analysis will be drawn on hedvily in

the design study, Section 4 describes the development of three containers designed.and
constructed in this program,

Both Sections 3 and 4 are complete in themselves and each contains its own

sufxunary.
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SECTION 3

ANALYSIS OF SEVERAL HIGH-PRESSURE
CONTAINER DESIGN CONCEPTS

XX
SUMMARY FOR SECTION 3

Five types of pressure-vessel designs were analyzed in detail: a multiring con-
tainer, a ring-segment container, a ring-fluid-segment container, a pin-segment con-
tainer and a ring-fluid-ring container. (These are illustrated in Figures 3% and 40 of
the text,) The multiring container ig made up of ¢ylindrical ring components, The
ring-segment containey is like the miultiring container except that the second ring,
-adjacent to the liner, is a segmented ring, The ring-fluid-segment container is a
‘combination of a ring-ségment container on the inside with a multifing container on the
outside, and with a fluidisupport pressare in betwéen, In the ring-fluid-ring container,
the inner ring is of single or muitiring construction, The pin-segment container has
\\ a cylindriczl inner liner supported by a pinned segment-plate arrangement. A wire-

wrapped (strip-wound) vessel and a controlled fluid-fill vessel were also considered
“ but in less detail,

Th3 four types of pressure vessel designs shown in F1gure 39 were analyzed and
reported in Interim Reéports III, IV and V., (20,21,22) These analyses are described in
detail ia this section, Though the concept of the ring-fluid-ring design was reported in
Inte.cim Report IV, its complete analysis is reported for the first time in this section,

4 ; The operating cycle of high-pressure contamers oy by dro-tatzc extrusion and
forming consists of application of the- -pressure needed, followed by a decrease in the
préssure to zero, Such highly cyclic conditions Loupled with extreme operating pres-
surcs can be expected to cause fatigue failures of the cuntainers. . A fatigue strength
criterion was selected as the basis of the study because a high-pressure container for
commercial application should, of course, be.capable cf repeated use without frequent
failure,
To achieve the desired high pressure it was found necessary to use h;gh—straxgth
liner materials, For the high-strength steels (ultimate tensile atrengths of 250,000 psi
and greater) a maximum-tensile-stress criterion of fatigue was assumed and available
uniaxial fatigue data from the literature were used in design evaluations, However, the
fatigue behavior was left arbitrary in the analysis by formulating the analysis in terms
" of 0y #nd 0y, semirangé and mean tensile stress parameters, The outer rings of the
containers were assumed to be of miore ductile materials in order to avoid catastrophic
failuzes, A maximum shear criterion of fatigue was used for the ductile outer rings and
. the Goodman. rehﬁon was used to relate the temirange and mean shear stre sses,

“ o . ;. v

. -For the ;nalynu, equa.ti&m were darived that relate the interface and the radial

deformaﬁom betwéen components, Elasticity solutions for stress and deformations

. were used together with fatigus relations to determine formulas for maximum bore

_pressures, Stresses.dug to.the bore pressure and shrink-fit auembly were analyzed,

' The effect of tompeuture change (fxom operating temperature to room temperature)
upon the prestzesses (residulil atressas) was included, The analyses for maximum
pressure capabﬂ‘ity‘, residual stresses, and required shrink~fit interferences were pro-
grammed for calculation-on Battelle's CDC 3400 and CDC 6400 computera.
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Theoretically, large pressures (up to 1,000,700 psi in the ring-fluid-segment
design) were found to be possible in the containers. However, designs based on the
theoretical pressures were.not always considexsd practicable because of manufacturing
and assembly limitatiors, - For example, a ring-{inid-segment container designed to a
theoretical maximum pressure capability of 450, 000 psi requires outside diameters of
88, 0 inches and 218, 0 inches for 6~.and 15~inch -dizimeter bore designs, respectively,
Such large-diameter cylinders would present probleims in producibility, heat-treating,
and transportation, This container design aiso requires a shrink-fit interference of
0, 0128 in, /in,, which is difficulf, if not impossible, to achieve in assembly. This large
interference requirement is necessary to overcome excessive deformation of segments.
Also, relatively larger outside diameters are reguired for segmented containers be-

cause segments offer na hoop support to the liner, Theqe are distinct disadvantages
of containers using segments. \

Because.of the practzcable design hl ltat:ons, the designs were evaluated for out~

side diameters limited to 72 inches and int)- X'ferences limited to 0, 007 in, /in, maximum,

“High-strength liner materials of 300, 000 pai ultimate tensile strength were assumed for
which some fatigue data were available. A fa.ngue life of 104-105 cycles was selected
for ideal zonditions, i,e., no stress concentrations oi material flaws in the liner, On

this basis, the predzchons of maximum pressure capability for, 6-1nch~d1ameter bore
designs, for example, are as follows:

N

o " '\1_‘

T T . Outside Diametez, Maximutn Fressure, p
. .. Container inches " psi L

Multiring 51,0 300, 000

Ring-segment 60.0 290 000

Ring-fluid-segment 72,0 286 000

~,‘Pin-segment . 72,9 195, OOO a
These prel

ure ga,?abxlitxes apply at foom or elevated temperatur i/p,rcbmd?d the ultz-
mate gtzreag ﬂi ‘the liner-is 300, 000 psi at‘temperature, Higher; mﬁximurm t;*saures
ar;; igwa*&wzally;pouxble with. h1gher strength materials, For exaknplu iy a ;a,qdmum
- e/asmfre of 450,000 psi would be piedicted for a multiring contain: 1?,*1,’!;71, a 450 000 psi
o ~uftimate* ltrength Jiner material, if such a material could be founﬁ/” t had the same
proportmnate 4ncreaae in its fatigue strength. ,
’ Residv:‘a’l at..eu limitations were also found for containers designed for high-
temperature use, -If the coefficient of thermal expansion of the lirer is smaller than
that of the outer componentu, then a decrease in temperature from operating tempera-
iure to room temperature may cause ‘excessive residual stresses in‘the liner, There~
fore, a higher coefﬂcient of thermal expansion' would be recommended for the liner.

W
]
ke

There ave ot’her ponible material limitations, The design ¢valuations conducted
herein were bazed necessarily on the uniaxial fatigue data available for the liner ma-
terials, although a biaxial or triaxial state of stress exists in a pressure container,
Also, a compreésivic mean stress-on the liner was assumed be«nefwial However, fatigue
behavi;ox of kigh~strength. steels under rombined stresses and ‘compressive mean stress
"is unknown, Jfn add;tion to fabrication and transportation difficulties, heat treatment of
lazge cylindrigal fox.‘yingl may-also present problems, In this respecta pin-segment-

' plate arrange: ian{x va strip-wound layer oﬁera advantages asa replacement 'of cyhndn-
cal rings for tutes, g'upport members, -
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A materikln ,study is proposed to determine data on the important properties of
high- strength materialg ‘for high-pressure-container applications.

Based on the design study of the four containers listed above, the ring-fluid-ring
design wias suggested, This deésign rnakes use of the benefits of fluid-support pressure
and prestress from shrink fit, It.avoids the difficulties associated with the segmented
containers, It is shown in this analysis that a ring-fluid-ring container having a bore
of 6~inch diametér could withstand a pressure level of 450, 000 psi with an outer unit
dia.meter of 60 inches. The fatigue life of this '*cmtamer would be 104-105 cycles,

Additibnal .details of analysis are included in the appendices of this report. Bend-
ing deformations and stresses within segments, and derivations of shrink-fit inter-
ferences are some of the items included, Computer programs used for calculations
are also briéfly described, . .

.,,,V
IS e e

‘4

WAy Ty

8 it




;l"l"
= o e

fatigue crztenon\\ . v

(strip~weund) vessel and a cortrolled ﬁuxd-fill cylindrical-layered container also were

'sis of the advanced concept together with a mors general formulation of fatigue criteria
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- . SCOPE OF ANALYSIS
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, The parpose of this study was to determine the maximum pressure capability of
several designs of vessels for containing fluids at the pressures encountered.in hydro-
static extrusivn and other hydrostatic-forming processes, Contsinment of bore-fluid

pressures up to 450, 000 psi at room temperature and at temperaturea of 500 F and
1000 ¥is conszdered

The operating cycle of these high-preasure containers consists of a.pplicauon of '
the pressure needed fo¥ extrusion ol)forming, followed by a decrease in the pressure
to zero, To be useful in production, the high-pressure containers must withstand a
large number of such operating cycles. Therefore, fatigue strength of cornponent ma- \
terials must be an important design consideration, However, consideration of fatigue
strength appears to be lacking in design analysés heretofore. The general method of
design analys;é has been to use a safety factor on the yield pressure, As the design
pressuxes ‘have Been steadily increased, material limitations have necesmtated lower . f{
factors oNsafety, sometimes less than 1 1. Consequently, fatigue failui’s are being
éxperiencea\ Because of the eltreme operating pressures being considered for Lydro-
stdfic extkusitn and other forming operations (up to about 450,000 psi), it was essential
that the va,nou}\\\ontamer-dengn concepts be analyzed and comgared on tke bacis of a

('/ N 1

‘In oxderto eatk»o the pressure capability of each container, stress analyses
are conducted Only stresa‘s due to the bore pressure and shrink-fit assembly are ’ .
analyzed no thefmal gradzenta\a e assumed present, However, the effect of tempera-
ture change (from. operatlng temputature to Toom temperature) upon the prestress
(residual stresses) i% iricluded in the" ang.lyses Excessive residual stresses may result
because of differences in thermal expan»‘gp of the component parts of each container,

[ -~
/')- ‘J

Four types of pressure vessel desigxis%ére analyzed in detail, Thesé are;
’ r‘(1} Multiring container = - _ \“\\ ‘
. {2) ‘Ring- segment container o N
(3). ng-ﬂuxd-segment container N

{4) Pin—gegme;;t container,

e,

Ths four concepts for cylindrical containers are shown in Figure 39, A wire-wrapped.

conszdsred, fbut only bneﬂy '
As a neault Qf thége dhalyses, a fuither refinement of the ring~fluid-segment
container was conceived in which the segments were replaced by a shrihk-ring assembly P~
as shown in Figuri 40, An extended azalyeis of this advanced container design has been (
complated recently and is described for the first time in this report, A rigorous analy- \

for multirrng cdntainers are reported separately at the end of thr.s section, i




7

{// .

A .
. . ¢ .
. . “ ,
-\ 157
©
& .
~ | !

. .
N S

AL

NN

AN

S

EZ
b

e Féfﬁg-ﬁluid-:&gmmc‘comain’ef ‘ d. Pin-Segment Container
” G I :

A-523¢4 o

FIGURE 39, SCHEMATIC oF HIGH-PRESSURE~CONTAINER DESIGN
CONCEPTS ANALYZED IN THFE PRESENT STUDY

-

g ‘ e
o Baniika ® 1 g N SRR R IR R T S WP ¥ WMWMWXJW*

Mo
R Lo

O~ A" S A

'
e o




0

N\

a
|
i »
| Quterpart -~
| { Multiring unit)
| Inner part
( Multiring unit}
- \. Fluid-support
’ pressure, p,
=
i}
b4 ) . . . ’ f\\‘\ i 0
. < ! C /
o Eforerpresswe,p o A52368
G ‘ \w\
[+ —~
: ’ae
| FIGURE 40. RING-FLUID-RING CONTAINER FOR HIGI-?"’\ESSH §
“ - R B N ] /”l\ ' ‘:’} » ,_}:)
11 The design involves the combined use of intéxxerenc,e*~<‘;/
: fit roulti-ring construction with fluid-pressure sup = f—
) > N ‘ A \_\}
< }‘\xj\
AT v
. LR -
i < ) z ' ’ . \’_\;—”
- I "
158
, T
- ."’ . — ‘i\;_..,.. - o
. ’,‘ '\') . L '




A BAadd
T . o A
en e pmmrs. Bnn e amsr e rerions

x T

-~ of the vessel necessarily increases with increasing segment size,

The multiring container was one of the first desirn modifications of the mono-
block, thick-walled cylinder®, An initial compressive stress at the bore is achkieved by
phrink-fit assembly of successive cylinders each manufactured to provide an interference

fit with its mating cylinder, The multirin% container has been analyzed on the basis of
static shear strength by Manning(23, 24, 25),

The riné’\-segzglent container with one outer ring was patented by Poulter in
1951, (26) One intent of this design is to reduce the pressure acting upon the outer ring
by using a segmented cylinder to redistribate the pressure at a larger diameter, How-

ever, the inner cylinder is always subject to the bore pressure, The external diameter

The ring-fluid-segment contairer makes use cf the fluid-pressure support prin-
ciple, This container is essentially vonstructed of two parts, The innexr part is a ring-
segment-type container with one loutzer ring, but with a fluid support pressure, p3, as
shown in Figure 41, The outer part is a multiring container subject to an internal
pressure, p3, the support pressure for the inner part, The advantage of this design is
that the fluid pressure (p3) provides a compressive hoop stress at the bore which counter-
acts the teasile hoop stress resulting from the bore preasure, p. Theoretically, p3 can
be changed in proportion to the change in hore pressure in order to reduce the bore

stress over an entire cycle of bore pressure, This variation ¢f p3 with the bore pres-
sure is assumed in the analysis, )

The origin of the ring-fluid-segment concept is not clear, Ballhausen patented
an approach of this sort in 1963, (27) Another application of the same principle was

patented by G, Gerard and J, Brayman, also in 1963, (28) A similar design, but with
~ additional features, was reported by F, J, Fuchs in 1965, (29)

The pin-ségment design is an approach prosed by Zeitlin, Brayman, and
Boggio, (30) Like the ring-segment container this vessel alsc usea segments to reduce
the pressure that must be carried by the external support, Unlike the ring-segment
container, the pin-segment container has segmented disks (thin plates) rather than seg-
mented cylinders, Also, the external supporting members in this case are pins rather

than an external ring, The pins carry the reaction to the bore pressure predominantly
in shear,

T¥e ring-fluid-ring container shown in Figure 40, like the ring-fluid-segment
design, makes use of the fluid pressure support principle, The use of an inner multi-~
@ring unit, howaver, avoids the numerous difficulties encountered in segmental design,
Since suggestion of ghe design, description of similar designs have been noted in the
literature, (31,32,33) Thus, the design is not new, but the analytical-design basis
described toward the end of this section is, It is believed that this program is the first

to incorporate the fatigue~-strength design of high-pressure containers on a rigorous
bagis,

)

All five contniners have one thing in common: the liner is subject to the full bore

pressure, The five containers differ in the manner and in the amount they.constrain
the liner,

O N ~ -

“The-monoblock, thick-valk cylinder 15 the simplest type of pressure container. However, for the very high pressure levels
_ considered in this study ¥t is.a relatively inefficient desige,

159 &
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XXv
BASIS AND METHOD OF ANALYSIS

In this study the four design concepts for high-pressure containers are evaluated
on the basis of a selected strength criterion for the component materials, Different
strength criteria could be chosen, each of which could lead to different predictions of
maximum pressure capability, If rupture under static load is the strength criterion o
then a burst pressure can be predicted. This pressure would be higher than the yield ‘
pressure predicted on the basis of static yield strength, However, a vessel subject to o
a great number of pressure cycles at less than the yield pressure could fail by fatigue, '
A high-pressure container for commercial hydrostatic extrusion should, of course, be
capable of repeated use without frequent failure, Therefore, it was considered essential
that a fatigue strength criterion be used as the basis of evaluation in this study,

' AN

It also has to be ascertiined what kind of stress and strain analysis is needed ~
elastic, plastic, or elastic-plastic, This is determined from the fatigue life desired,
Manson and Hirschberg have shown that for most materials, failure by low-~cycle fatigue
(life less than about 1000 cycles) involves almost entirely plastic strain, (34) Above
about 1000 cycles life the amount of plastic strain is appreciably smaller, and above
100,000 cyclea life the plastic strain is negligible, For the relatively high-strength ¢
materials, however, the strain at fracture is predominantly elastic for lifetimes.as low
as 100-cycles, Becausé lifetimes greater than 1000 cycles are desirable in commercial
applications, and since high pressures require use of high~strength materials, elasticity
theory rather than plastic or elastic-plastic analysis ir used, Use of elastic theory
rather than elastic-plastic theory also aids the study because elasticity solutions are
easier to formulate and can be superimposed,

-t mm Mee e Wl Y ee

™o L %

For the analysis; equations are derived that relate the interface pressures and
the radial deformations between components, Elasticity solutions for stresses and
deformations are used together with fatigue relations to determine formulas for maxi-
muz,y. bore pressures,
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Xxvi
METHUD OF PARARMETER NOTATICN

The components of each design are identified from the inside out by the numbers
1, 2, 3, .,.s N. N refers to the outermost component, Figure 41 shows the use of
radii ry.] and r, to denote the inner and outer radii of component number n,

For the multiring container all the components are circular hollow cylinders, For
the ring-segment and ring-fluid-segment c¢ Mainers, Gomponent 2 refers to the segments,
The only exception to the notation on the radr‘ -occurs in the pin-segment design where
the segment is divided for analysis into tw ’ p‘arts and where T2 is the radz.ua to the inside

of the pins as shown in Figure 41, - \_

The operating pressures and the residual pressures are identified by q, and py*
respectively, Because the outer radius of each container refers to a free surface, the
pressire thefe is zero,

ﬂ PN=O0 Q=0 * (4a,b)
The definition of the g, gives '
qp =0 (5)
The wall ratio for component n is denoted by k,, The overall diameter ratio of the
Q}cont,ainer is denoted as K, where
P ; ) rn,
*n = Tp-1
and ,
. r
- K= |
™ xo
X
Q
>
20
*See st of symbols for definitions.
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XXvil
FATIGUE CRITERIA
Two fatigue criteria are formulated here in order that both relatwely low-strength
ductile materials and high-strength, more brittle materials may be used in one design,

The intention is“to use high-strength steels a# liner materials and lower strength ductile
steels for the outer cylinders in order to prevert catastrophic brittle failure,

Fatigue Criterion for Ductile Outer Cylinders

From both torsion and triaxial fatigue tests on low-strength steels {120 to 150 ksi
ultimate streagih) conduycted by Morrison, Crossland, and Parry(35) it is concluded that

a shear criterion applies, Therefore, a shear theory of failure is assumed for outer
rings made of ductile steel,

"To formulate a fatigue relation, the semirange in shear stress and the mean shear
stress are needed, These stresses are defined as

Smax = Smin
S - B

r

ax * Smin (62,b)

£

Sy, =

' respectively, ; ‘)
A linear fatigue félation in terms of shear stresaes is- assumed, This relaticn is

“5r  m 1, for S, 2 0
-é:+§:1-- or P4 ’

where S, is the endurance limit in shear and Sy is the ultimate shear stress, For /
Su=1/2 Ty where o is the ultimate tensile stress, this relation can be rewritten as: /

”:v W] o Se‘s’ U'u = 1’ -0 (7)

The stresses S, znd S, given by Equations (6a,b) can be calculated from elasticity
rolutions, In order to employ the fatigue relation (7) for general use, it is assumed that
Se can be related to Sy, This is a "valid assumption as shown by Morrison, et al(35),
Referring to Roference {35), the ratic S,/S, can be established, Tably XLI lists some
fatigue data and results of calculation of Se from Equaticn (7).

From ‘I'able XLI ie is evident that fluid pressure contacting the material surface
has a detrimental effect on fatigue strength; the endurance limit 8, for unprotected tri-
axizl fatigue specimens is lower than that for torsional specimens, However, protection

N of the bore of triaxial speciniens increases S under triaxial fatigue to a value equal
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that for totsional fatigue,

Substitution of Relation (8) into ( 7) gives

3Sp + 25y = 0, where ¢ £ oy

Since in the high-pressure containers, outer cylinders are
subject to interfsne contact pressures and not to fluid pressures, it is assumed that the
data for a protected bore in Table XLI are applicable in the present analysis, Therefore,
the following relation between S, and oy, is assumed:

(8) .

{9)

Equation (9) now has a factor of safety, oy/0, and cen bé& expected to predict lifetimes of
106 cycles and greater for ductile steels based upon the linear fatigue relation and avail-

able fatigue data,

lower strength \iteels.

(Of course, stress concentration factors due to geometrical discon-
tinuities or material flaws would reduce the expected lifetime. )

TABLE XLI, TORSIONAL AND TRIAXIAL FATIGUE DATA

ON VIBRAC STEEL(®)

Test

Stressestsi

Oy

S
//‘),__“

Se /cru

Torsion

126, 040 — . 4

149,004

Triaxial (unpro- 126, 0"’@

tected bore)

Triaxial(b) (pro- 126, OO(M

tected hore)

149, oob

K}

;4

//
(4
AN

0, 347
0. 354

0,248
0,273

0. 363

—]

e m——

(2) From Reference (35). Composition of this steel in weight percent:is 0,29 tc 0.3 C, 0.14 to 0,17 Sf,

0,64 to-0,69 M, 0,015 8, 0,023 P, 2,53 to 2,58 Ni, 0,57 to 0,60 Cr, 0,57 to 0,60 Mo,
(b) The bore of the cylindrical specimens was protected with a neoprene covering,
{c) 8, for the triaxial tests ¢ calculated from Equation (7).

Fatigue C‘riter,ion for High-Strength Liner

Triaxial fatigue data on high-strength steels (ry 2 250 ksi) are nct available,
Fatigue data in general are very limited, Thefefore, a fatigue criterion for high-
strength steels under triaxial fatigue cannot be as well established as it was for the
"'The high-strength steels are expected to fail in a brittle manner,
Accordingly, a maximum tensile stress criterion of fatigue failure is postulated.

Because fatigue data are limited while tensile data are available the tensile

stresses (o‘)r and (ur)m are related to the uliimate tensile strength by introduction of two *

parameters oy and 0. These are defined as follows:
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(o) (O')m ;

@r'z—d-,—l-, Oy = 1 (10a,b) ’
where (¢), is the pemirange in stress, (v)y, is the mean stress*, and ¢} is less than or *l
equal to the ultimate tensile strength depending upon the factor of rafety desired., In
order to get some estimations of what values @y and @, may be, sbme data from the ”
litarature Lre tabuiated in Tables XLII, XLIII, and XL1V, These data are for rotating-

beam and push-pull testa,

" The fatigus life again is found to depend on the range in stress and the mean stress,
and vpon the temperatute, This dependence is illustrated in Figure 42 for 104 to 105 {
cycles life in terms of the parameters ar and ap,, (Points (ay, ®y) above the curves in
Figure 42 would correspond to <104-105 cycles life and points below the curves would :
correspond to >104-105 cycles life.) The 1000 F temperature data are for Vascojet 1000, \
Although @, increases with temperatur> for this steel, the ultimate tensile strength
decreases and the fatigue strength at 10% to 105 cycles for Gm = 0 remains nearly con-

stant over the temperature range of 75 F to 1000 F, ;{;
. o{ 14
, vl -/ x‘ N

Y

} f

Qy P

¢

-
- -
- -

-
X‘:-fwu--— L -—0_5‘

O

Average Experimental Data

: ) @’O - am=q g
e : &0 - ?m;:ar }
S F X - Assumed data :
Py
- Oy - ' o
i 1 1 4 1 i > A 1 ok 3 ' o
-05 , 0 , 05 -
y ‘ G AB2368 ‘

FIGURE 42, FATIGUE DIAGRAM FOR 104-105 CYCLES LIFE FOR HIGH- ’
STRENGTH STEELS AT TEMPERATURES OF 75 F TO 1000 ¥

o, and Oyy are defined by Equations { 10a, b)

2

-
-

-~

0%, and {0, are defined by expressions similar to Equarfons (S, b) fot § and Sy .
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 TABLE XLII, FATIGUE STRENGTHS OF HIGH-STRENGTH STEELS FROM
ROOM-TEMPERATURE ROTATING-BEAM TESTS, a,, = 0

Ultirnate Yield
Tensile Tensile &y, Stress Range Param tex(2)
Strength,  Strength, for Cycles .
Material Reference  ksi ksi 104 105 106 107
18% Ni maraging. (36} 300 280 ” 0,49 0.43  0.41
steel (37 . 300 285 , 0.33 0.31 0,300
T - (38) 295 285 0.68 0.44 0.38 0,36
L . 270 265 0.74 0.43 0.37 0,37
H-11 (CEVM) - (38) . 250-280  210-230 0.75 0.57 0.54 0,54
D6AC _(39)te) 270 237 0.66 0.4l 0,37 0,37
Vascojet 1000 39)(c) 309 . 251 0.457 0,29 0.29

.

W

(2) @ l(o),/nu. Gy 8 (a)m/au. where (@), @)y, 0y are the semirange, mean, and ultimate tensile stresses, respectlvely
) Theseare stated.io'be 90 pescent prefy umy data,

(c) Tests in Referent :{39) were pﬁsh-puh "‘g{ s with, @
b

(; ¥
TABLE ,X?Lﬁi FATIGUE S'L‘RENGTHS OF HIGH-STRENGTEH STEELS FROM
o ROOM-TEMPERATURE PUSH-PULL TESTS, Cm = Ay

Ultimate Yield

Tensile Tensile  a,,Stress Range Parameter(a)

Strength,  Strength, for Cycles -
Material Reference  ksi ksi 104 105 106 107
18% Ni maraging - (38) 295 285 . 0.40 0.25 0,22 0,22
steel - , 270 - 265 0,43 0,28 0.25 0,24
H-11 {GEVM) (38) 280-300 038 0.31 0,29 0.29
D6AG (39) 270 237 0.44 0.33 0728 0.28
Vascojet 1000 -~ (39) | 309 251 0.33 0.27  0.1%)

(a) a, =(0), u"’m-?("hn”u' where €. @)y 0y Are the semirange, mean, and ultimate tensile stresses, respectively.

N
A\

166 ~

)

o~

N\

e e aam s —— - =

i




)

ik

el A

ey
e

Y

S oyt S e
- e WE TR D e,

RN

¥

&

b

ER S

S e s ol

CRE R

TFY AT e S e
o

<

.iﬂ)&%&g igﬁvégaiﬂﬁ %gfbﬁt Jﬁ;‘%# Ist

ALl St oo

*armyeradiung s2 ‘A19apoedsar ‘sastons IIsuIl NELLNIN pUT ‘USNT

&1 .w»

\ .
[ ,v

*5319£0 50T dwu«m&snn.. N 7amo -8 (p)

‘s goTC T 93w 910ko ayy, ()
‘sfgemmuas o o1 Uo- Ugo) X oroym Py = Do Py (Q)
g ’ _ leg) 9ororyad woy vaes sIe Hixd {®)

12°6 L2°0  of 0. = Mﬁv oLt ) oz 0001 )
92°0 S£¥0  I9°0  (p)SL°O 0="" :
. o >  000T 33fonEeA
, x, _w
£€2°0 2¢€°0 0¥ "0 V= . .
1€ 2%°0 95 °0 69 °0 - 0= %o 002 092 , 008 | g
N _ .
<
I w ‘ i ,., - o®
62°0 $£°0 8€ 0 ¥¥°0 V=0 s . \J )
€€°0 I¥°0 25°0 5970 0= EL' .091 0ee ~_ -omm_
| T ovea
92°0 1I£°0 S€°0 1% °0 Ip= Wy , . h
I1€0 . 0% °0 8% 0 (p)9s 0 = 88% LI ) 092 omuv
L0190 5Ol RO (o)suompued  ~ I R T & TereEn
83[2AD 0% R 389, ‘@8usayg oﬂunoﬁ T ‘pBusxig.erisuldl  f rduay, e e Y
‘(q)Feiewearg a8uey ssaa35 %0 ‘ PIoIX omwgﬂs 1831, . . ,

Aﬁumg.ﬁiﬁﬂgﬁﬁ QIALVATTIT .HJq
1 SASHEL TINdI-HSNd Wo¥I m\HmH.uH.m mH.OZHMH.me.HUE JO SHIODNIHLS ANOILVE .PHqHun Ca m<.H.

Q)




\

strength(35,40),

to 105 cycles triaxial fatigue life, a, and ay, are agsumed to be

o Qp = 0.5, Op; = 0.5
‘_ . Y

as indicated n Figure 42,
bé zero,

1 i R \

In order to approximate a life of one cycle, it is assumed that

-

Wii;h Uy =

L r =1.0, ocm'vO foronecycIe

which represents a cycle Getween :tcru, the ultimate strength,
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The fatigue data available are only for pus:;.. “».and zero mean stresses, However,
there is evidence that compressive mean stress may ..igniﬁcantly increase the fatigue
The reasons for this are thought to be thai compression may reduce
the detrimental effect of fluid pressure entering mrinute cracks or voids in the material
and the compression muy restrain such flaws from growing. Since the liner of a high-
pressure container can be precompressed by shrink-iit assem’ly, an important factor in
{ triaxial fatigue may be the prestress that can be initially pravzded Therefore, for 104

(11a,b)

-0, the maximum tensile stress at the bore would

(12a,b)
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ELASTICITY SOLUTIONS

:'"’\\\’k?":j’“" ~‘\’w5 P -

Cylindrical polar coordinates(r, 8, z) are used in the analysis, Axial symmetry
is assumed; the stresses are independent of the angle 6, ¥nd effects are not considereds;
the stxzsses found are independent of the axial coordinite z,

Sogas WA

. N Seele SN TaE e Co ok
ST meeaep oo L J sty Solutions for a Cylinder ?
,‘;};» .- 1:-\". < NI b L ) - )

" The fwo-dimensional solutions for a cylinder loaded by uniform inner and outer

preasures is given by Timoshenko and Goodier(41), The expressions for stresses and
S dispxacement in cylinder n are

[V
. i, "

- ! i &
1 ;
‘ - T =35 Pp-1- Pn - (pn 1- Pn) (_"") ,
F o k.n\"-l - §
| )
1 ’ 3 rn. ~
i Ty = = [ Pp.l - PpkpZ +4pp-1 - pn)r(—-’-’-)z] (13a-c)
k,2-1 r :
Teg® 0. - oo
R /) ,
) L [ | 2y 01 n2
< . %= (1= V) {pp.1 - Bokd) #1414 9) By - ) (=2)
T gpgleny LY T T e e J '
= RO \\ v ""’\: T - - ’ T (143‘1 b)
: v 0 AN O , . é

- - oy
where ¢y, o‘g, and Ty@ are the radial étrec;n, hoop stress, and shear strasa, respec-
tively, and where u and vare the radial and circumferential displacements, respectively.
{The radii ry, the pressures py, and the wall ratios k, havé been defined prewviously.)
Equation»( {3a-c) also gives the residaal stressés if the opérating pressures p, are re-

S B NSRRI S SRR

1 T

placecLby t,‘\e residual ; pressures fn. - T N
D\ SE ]
\:IZ:',/’J 'For :;Yatxgua analysis of a cylinder of fuctile matorial the range and mean shear - o

strewec are needed, The greetest range in the shear stress in a cylinder occurs at
the bore on a plane oriented a,‘* 45 degreez to the r and 6 axes, The shear stress thers
s given by \],\ ; :
SR\

o : . CH~Typ %
oo IR S & g . (15) i
4 . . ’ ijs
- J> : (\\ ~ .
. ;"\:‘ : Vi " - ‘O !
e may be. impomnt 10 consider end effelts depe":dmg upott th‘;\metacd cfend clomre in the design. These vifecis-and possible 4
axlal stresses sesuiting foom fage ahrink fits may ﬁor be negligible, T, R
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Formulating the range ;in stress-from the Definition (6a), we get

[ "'G(Pn’ Pn-1} = Ox(PnsPn 1) &‘G(Qn{qn-l) - opldys qn-—l)_ ]
“ ’ 2

2
K
Sy = z(k:i\-l) [(pn' pn) - (%_ qn] yatz =y

<3

The mean shear stress at the same location.on the same plane is
Kn 2

Z(kn -

Sm = [(Pn- - Pp) t (Gp.1 = Gn)l, 3t T =74

Iy

Elasticity Solutions for Segn:ented Comporients ,

~

tat T oY,y

v_\)

i
|
1
K

o

(16)

(17)

Elasticity solutions for the segmente were derived, The derivations are outlined
in Appendix I and only the results are given here. There are two types of segments.
The ring segment is loaded by p; at r) and by pp 4t rz. The pin segment is loaded by

pp at ry but by morse complex loading at rp,

R,mg Se gment

The reaulta for the ring #egmient are:

2

SR ._“ o 4Mpy
A vré(wr)c+-‘-é-i—f1(r)

»

Mp :
— : og = (eg)e +— ﬁl 1 £,(r} S

. 4 ’éon

70

P 2 \ﬁ//‘a\ N Gy

v

X P
W 2 +ligrailt g § 2
2\ . BBy =7
8M p : G p .
© Yot fipBe1) 0 - il sin 0
R T Ef T
o () . N

i

«\Sj:\

(18a-c)

(192, b)
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where; »
. 2 o ' ’!
fy(r) = (--) log kz + kz log (--) + log ( :
= rz ...Z. r < 2
f2(r) = - () log kp + kp? log (5) + log () + ka2 - 1 .
Rl r : ’ ».,l
- f3(zry=-4(1+v) (—-) log ka + 4(1 - V) L kz log ( ) (20a-~-c) o
- log («’-’-)] - 4 (k2% - 1) o
"1
: o
" and where (o, ole? (o‘ePc, and (v), are given by Equatlons (13a-c) and (14a,b) for ‘
kp = k2, Pn.1 # P1y Pn = P2) and E, = E;, For a ring segment p; andp,are related
for equﬂzbr;um as follows:
~ P2 ®P; Ik, (21)
. > ‘ i
Formulas for the conatants ﬁ Gy, and M1 (Iunctions of kz) are given in Appendix I.

M) represents a bending moment that causes a bending displacement v as shown in

Equatior (19b), N

Pin Segment ‘ . , - ;
i :
‘ 'I‘hea aolutwn for the pin segment is more complicated due to the pin loading at rp.
The renulting axpreanons are;
o ) o , o i
Cpx (0p)e +
e |
oo ro = (u'e) ot £2(r) + gpy2 (r) co8 my (22a-c)
‘ 'rre = ng(r) sin mo@
Vo 5 N
z 1 : 2P1 1
‘L (a), + f3 (x) $ = cO8 O + =~ g4 (¥} conmb (23a, b)
et g p T B, M ‘
T 8M G
oMaPy P 1
;{.u (kzz “w1)8 - --2-1;-}5- sin e +E-a- Emslr) #in.mb
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where (ryp)c, (rg9)y, and (u)e are again given by Equations (13a-c) and (143, b)

for ki = k2, Pn-1 = Pl» Pa = P2, and Ej, = Ep, For a pin segment p; is related to py
. as follows:

. (m2-1)(1+2cosm }
\ —iim () 24
P2 = 2(m2-2) (1 + cos 7/m) (kz) (24)
" where m defined as
m = 2Ng (25)

anji where Ng is the number of segments per disc,

The £uncgions f1{r), fz(r), and £3(r) are again given by Equations (20a-c) and
By Gz, Mz, gml’ veey gm5(r) are given in AppendixI

-
O

"The elasticity solutions now can be used to determine formulas for maximum pres- -

sure capability from the fatigue relations, This is done in the next section.

O
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XXIX
NdNDIMENSlON"AL PARAMETER ANALYSIS “

The maximum pressure a container will withstand is a function of the material
fatigue strength, the amount of prestress, the number of components N, and the wall
ratios k,. To determine the function dependence on these variables and to determine
the best designs, a nondimensional analysis is now presented, The calculations for the
analysis of each design were programm,gd on Battelle's CDC 3400 computer,

Multirin} Container

Static Skear Strength Analysis B

Although a fatigue criterion of failure has been chosen it is illustrative to review
an analysis based upon static shear strength for ductile materials first conducted by
Manning(zi), The method mitlined here differs from that of Manning and is more straight-
forward, In this analysis:the optimum design is found such that each component of the
same material has the same value of maximum shear stress S undes' the pressure load p,
The given information is. p, = p, = 0, and K. The unknowns are-the interface pres-
sures py, (N-1) in number; the k,, N in numberiand S. The total unknowns are 2N.
There are N e;;uatfonl resulting from Equation (15) and having the form

©

o knz‘ | '
_S"(Pn-l‘Pn)m, n=l, ?r,...,N ' (26)

There is the equation, K ='kjk2 ... ky, that relates the kp and K, Also N-I eci;zations

~ can be formulated from the requirément that S be'a minimum, i,e,,

s ‘
ﬁn-zo,n=1, 2, ..., N-1 (27)

{There are not N équations in the Form (27) because there is orie equation relating
the ky,.) Thus, there are also 2N equations which can be solved for the 2N unknowns,
The solution gives

2
(kn "1)
Pp * Pg.] “Q———8§, n=xl, 2, «vsy N-1 (28)
. kn2
f\ ’ . o ) kl = wz L c‘o . -Ia kr‘ Y (29)
0/}(‘ o ” S) p K.Z/N o 30
. . P B e rm——————— v X
S TN @Ry wo
:\\ ! «
< vo N i “vf/
‘ 173

b
-
e g o e

.
N \‘m

)

o
A

© o

-~

S

o et st e v ittt A5

A Tt e TR el 2

wry

.

.

o~

F A Pon i 1 i, oo i, ™ Ao

N 7 e

4-,._.___ WA,”,_M
P RS WA

NARZTIV N S LTRSS R T
T ;ga o

P o i




b = e DA T T

e o X e o n s &

e e e e e e 4y -

The residual pressures q, and the required interferences for the shrink-fit as-
sembly have yet to be found, The radial stress oy, at the radius r, resulting from the
bore pressure p is given by Equation (13a) with K replacing kyn, p replacing py.1, 'y
replacing rn, rn replacing r, and pn = PN = 0. oyn becomes:

p K
e =gaoy U kns1? kngp? o Ry (31)
The pressure p,, is the sum of q, and (~o,,). Therefore,.
Gy = Py = (-0 (32)

The interference as manufactured, Ay at r,, is given by .

T Tn *n

(33)

wheie ' ’
. “n( ry) = radial deformation at rp ofccylinder N due to the resldual pressure -
q, at r,, and the residual pressure q,_; at'r, . 7
and
5 uh«l-l(rn) = i°ad1a1 ‘deformation at r, of cylmder n+l due to the residual
pressure qn at r, and the resxdual préssure q . at r,..

Substxtutmg the Expressiona (32) for q, into Expressions (14a) for the u, and substituting

the :;esultq mto Equation (33); we ffnd that A, /1y, Feduces to: -

1 A 2 ‘ ‘ 9
N (34)

"\‘:-\ L¥p o NEC -
)

The ragult p/2S. gwen by Equation (31‘ f\‘ctted in Figure 43 for various N, The
limit curye is giveﬁ by

2

~ 0
R

2 L” - "") ~.
, ' p, KA1 ' s
o o (zs)limit = K2 WY )
- b * 2 ,)
at.which limit the minimum shear strau becomés equal to «S at the bore in the inner
cylmder.

0‘9 - G‘r
) aiways gives the
maximum shear stress, Aa pointed out by Berman, the maximum shear stress ina

Fxgure '43 has been. obtamed uiider the assumption that -

, L Ty Ty . .
closed-end confainer# s given by when ¢, > g, (42) Therefore, it is important
to know the limit to EBS‘ for which 0z becomes equal to dg. ' Oy is given by

J
*Containers for hydrostatic extmuon ;eneuﬂy are not closed~end containers. Thie effect of axial stress is ineiuoea hers zor
~ completeness. . -
& : ‘
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vgiso given by Equation(13b). Equating og at ¥, tor,, we get the surprising result that
the limit to %)'S' in this case is also given by Equation (35). Thus, the limit curve 7}n Fig-

ure 43 has two meanings? it is thy lirhit at which the minimum of the shear stress,
0‘9 - o'r ‘

from residual pressures bacomes equal to -S at the bore, and it is algo the
T 0g- Oy Oz = Oy

limit at which the bore shear stresses 5 and 5 become equal undpr the

bore pressure p,

From the limit curve in Figure 43 and from Equation (35) it is found that

f} ‘ o B = (36)

Thus, the maximum.possible pressure in-a multiring container designed on the basis of
static sliear strength using ductile materials is p = 25, For a ductile material with a
tensile yield strength of 25 = 180, 000 psi, this means that the maximurh pressure is
limited to 180,,000-psi, = . '
. oo

Fatigue Shear 'S’trergth' Analy;is : #

¥

The optifium design of a multiring container having all rings of the same material
and based on fatigue shear strength is found by an analysis similar to that conducted on
the Dasis of static shear strength. Instead-of minimizing & in Equation (27), o given by
the fatigue relation, Equation(9) is minimized, i, e,,

. - do
v, : =0,n=1,2,.,., N-1 (37
5]-‘—:; ’ y &y 5 ]
Tl;e .stresnedfsr‘and Siy ne< led in expressing ¢ in Equation (9) are given by Equations
(16) and (17). . >
’ The results of carrying out the analysis are:
v 2 Iz ' 2.
o= +p(k“?'1\) K -’-kn(/z..,kNZ-‘m,(" 1),7;1:1,2,...,N~1 (38)
Pn = Pny Y gmTYy n+l” Knt2 2k 2
v ¢ (j(
(k}_‘-’.kz e 00 =kN ' \ : ’ (39>
- .5 geIN (40)
" PRI

-3

The q,, are agaix{ gi/\;en by Equation (32) and the resulting interferencc required is
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g (41)
T 2NE

The result p/o is plotted in Figure 44, The lihit curve is for Sy, = 0 in the inner
cylinder and is given by - :

o
.

Lim  (B)- Lim (2K31\ _2 (42)
- 4 3 g2 3

If a ductile material hiis an ultimate tensile strength of 210,000 psi, then Equation (42)
gives a maximum pressure of 140,000 psi based upon the shear fatigue criterion,
. ! B f’}) .
These results on’ductile materials show that higher strength materials will have

to be used in order to 783 the highpressures desired, Accordingly, an analysis of a
multiring container with a high-strength liner ia now described,

&
®

_I_-I_iéh-Stren th Liner Analysis

-

]

- The hoop stress ¢ , at the bore of the liner undergoes the greatest rangé in stress
during a cycle of presaure., Therefore, the tensile fatigue criterion is applied to the
oq Stress, The range in the ¢y stress at the bore of a multi-ring container depends only

upon the-over-all ratio K and the bore pressure p and is independent of the number of

rings, i,e., - 2
o . (o) ‘...BKZ + 1 ‘ : . 3)
. . . 9 r- 2 Kz - 1 -

( IEdua,tigx; ({ﬁ;is féungi from Eq_uaﬁori (13b) for r = vy, 1y = ryN, andk, =K. )

In the formulation of the tensile fatigue criterion the parameter ap hasbeen defined
by Equation (10a). Thus, from Equations (]0a) and (43) it is found that

= L2

. 2 ) K*-1

ow—a 5 - — S

A] ' 1 2061». B+ 3 01ROy (44)

~
>

where o, is the ultimate tensile atreas of the liner, The ratio p/ej is plotted in Fig-
ure 45 for various K and o, ‘ ‘

The fatigue’data’dt room tempsrature of high-strength steels (r,, £ 300, 000 psi)
listed previously in Tables XLII, XLIII, and XLIV are generally for a, £ 0.5 for life-
times of-104 and greater, Hence, it is concluded that the maximum repeated pressure
possible in a multiring container with a liner of oy = 300,000 psi is approximately
300, 000 psi if appreciable fatigue dife is required, This conclusion presupposes that the
outer components can also be designed to withstand the required intexface pressure and
that sufficient preconipresgion can be provided in the liner so that &, = 0,5 can be ex-
pected to give up to 104 cycles life, This is investigated next,
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The stress range parameter &, depends on the mean stress parameter &,,. The
mean stress depends not only on the bore pressure p but on the interface pressures
p1 end qj between the liner and the second cylinder, The magnitudes of pj and q; that
are possible depend upon the geometry and strength of the cxter cylinders,

The outer rings.are assumed-to be all made of the same ductile material, Con-
ducting a fatigue-shear-strength analysis of a multiring container having a pressure
flugtuating between q, and p,, we find from a method similar to that used in arriving
at Equation (39) (using Equation (37) for n=2, 3, ,.., N-1), that in this case also the
optimum design has :

AN
k2=k3=... =kn ) ) (45)

Calculating the mean stress oy at the bore of the liner, equating amyo] to oy from
Equation (10b), substituting for q; from Equation (32), eliminating o) by use of
Equation (44), and solving for p;, one finds

I SR L S S )

PRI L T2 4 k)% typ

{46)

N '/ A, -
The other interface prespures oy D > 2 are again given by Equaticn (38). Eliminating

the pressures p; and p,, n 2 2 trom Equations (46) and (38), and solving for the
pressure-to-strength ratio p/o, one gets ’ ‘

2(K% - 1) (k2 - 1) (N-D) k)% 0y

P
P
g

; — (47)
kn2 [5(K2 - K20y + (0, - a) (K2 4 1) (k12 - 1)]

The kns n £ 2 i;a Eguation (47) are equal as shown bf Equation (45). Whereas, p/o'l
depended only upon Q¢ and K (Equation (44)), p/c depends on N, kp, and &, in addition,

The ratio p/o can 3;130 be limited by the requirement on Relations (7) and (9)
that the mean shear stress S,, in Cylinder 2 at Ty obeys the relation Sm 2 0, Smz0
gives ,

P 2(62-1) . |
Qimit =37z & (48)

>

As is evident from the limit curves plotted in Figuxe 46, the pressure limit for the outer
rings can be increased by increasing kj. This means that the liner has a great effect
onp., The strength of the linexr, 0}, influences p in Equation (44). The size of the liner,
k), limits p in Equation (48), .

Whether or not p/s can be allowed as high as the limit, however, depends on the
other factors N, @y, K, etc., as shown by Equation (47). This dependence is rather
complicated. Example curves of p/o are plotted in Figures 47 and 48 for ax = 0,5 and

@, = -0.5. As shown by these curves p/r increases with N and also increases with
kl fOr N = 5, K 2’6. 50
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- Suppose p = 300,000 psi ag determined-from Equation (44) tor @ = 0,5 and
© g = 300,000 psi, Then from Figure 48, K must be 9.0 for k; = 1,75 and N=5if

o= 210, 000 Thus, the multiring cylinder must be quite large in size to support maxi-
' mum repeated pressures,

AN
N .
N

The interferences A, and tesidual pressures q, have yet to-be determined for the
multiring container, Since the liner and the oufer rings are assumed to be made from
twa different materials, thermal expansions must be included in the interfererice cal-
‘. .culations, It is assumed that no thermal gradients exist; all components reach the same
" temperatures uniformly, Therefore, the interference required between the liner and
the second cylinder is.expressed as \
Ay uy{y) s uz(x1}

e 72 e e - AT + QAT {49)
1%1 ) 3.'1 1’1 ) .

.t

whe re

AI = manufactured 2 rforence

Sugle ¥ :radial devoriation of liner at iy due to residual
presgure q; at rl

u,(¥y) = radial deforxnatzon of Cylmder 2atry due to residual
préssures q) at ¥y and. da atrs . —

N : PR’ . =
0 = céqﬁficient of thermal expansion at temperaiure

AT = témpei':é.éure change from room temperature,

M

- n"—-,uya.‘ E‘AG%:M;WW_ -

The interferefxces Ay reguired between the outex- cylmders is again given by
Equation (33) for n 2 2, The residual™ pressures q, needed i in calculating the A, are
found from Equat ion (32) for p,, given by Equations (46) and (38). In the calculation of

the u, from Equation: (143), the values of the moduli of elasticity, Ep at temperature '71
should be used, ,\\ o

The conta,mer designed for use at temperature will have residual pressures an”
at room temperature different from the 4y, necessary at temperature.. The q,.* are
found as follows: the are first expressed in terms of q_* from Equation ?143.) using
the values of Ej,, at room temperature, the Ay are expreaea’é in terms of-che uy* from

Equations (49) and (33) for AT =0, This procedure gives the following system of o
equatzons in the g_%;

<

b4

. , Al\
) e Mt Apget = By — )
o .. ) % 7 . 1‘1 ’ {~)
> ERE - (\ N An ﬂ(soa,b’ .‘“)
Ann an 1 +Annqn f"A 1qn+1 % Eg— rn s =2, 3, ...5 N-1
.\ ,
where ' ~ - ‘
; N 'kzz + 1 Eg 1“2 +1. .; -2 N ‘,»zkzz
& = A Yo e Jeisrmrsimnomy - P SR ' T e 12 53 ey
11 T £ (kli‘.- 1 )1 an-d g 2.y %, 2-17
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k2+1 k+1 + 1) k241
Ann— :2

~2kp+]

Ky 2

Apnpl ®
k. 2.1 .

o
n kn+1 ky" - 1

and where Al and the A, n B 4 have bses: p;évxw,‘sxy calculated for AT # 0, There are

2 w
kpg14-1

kp2-1

N-1 linear equations (SOa b,...) in N-1 unknowns q pw R 2 0, Nl (Qy = 0)

These are easily solved by matrix solution on the computer.

e

Having calculated the residual pressures qu* ("
stresses can be calculated from Equations (13a-c).

checked in order to ensyre that they are within tolerated bounds,

calculations are described later when specific designs are considered. Next, the ring-
. segment contamer is considexed,

Ring-Segment Container

I

Bl

A ring-segment-container has been shown in Figure 39b, For this design, .he
equilibrium requirement, Equation (21}, relates p; and P2 Under shrink-fit it is as-
sumed that the segments just barely contact each other, i, e,, the segments carry no
hoop stress, (If the segments were in strong contact with each other, they would act
like a complete ring, i, e,, they would carry compressive hoop stress, and the distizc-

.tion between a ring-segment container and a multiring cortainer would be lost,) Thus,
the same equilibrium requirement applies to the residual ‘pressures qy and q3. 'This

reduirement is .
=

o P =p1lky, q =qy/kp

'

(yroom temperature the residual
These residual stresses can then be
Examples of such

(51a,b)

< I order to determiine the pressures By: ~and q1 the following radial deformatzon

equation is £ormulated'

. v/ /,r’” i

uz(rz) “ uz(rl) + Alz + azAT' (rz - 2'1) = u3(1‘2) - \11(1’1)

¢ )

where : L

<

A2 = the manufactured mterference defined as the amount (rp - r;) of

the aegmentﬂ exceeds (rz - ry) of the- cylmders

’

3
u (r ) = the radial deformation of componént n at rp, due to pressure

Pp OF q at r, andpnd orqn latr i

therm,a.l coaffn.iant of Qypar;sxq“q of component n

+ a3ATr, - ajATry
‘\'> .

re

(52)

z \- [ ]
AT = temperature change frbm mc.m tf,\mperature.
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Al iime il - A, - - - vt b ot s ot e e i e e

there results

A,

o
a‘ » »
J1f 2 Ep kok3“p3  Ejdge [
z +t 2= ~ + -ATE ko(Cly = )+ - Q ]} (53
kjé-1 " E (kg%-1) 1 51| kal%g - ag) + (% - ay) (53)
where :
ky 24l mLr2bcl M )
g= | =+ = {{f3lr1) - kafs(r ]
k-1 Ep b lgtl | By 3(r1) - kafz(rz

(54)

By [ k3?41 ]
— Y| -V
YE; k32-1

,

The Ep are the moduli of elasticity at temperature. The parameters Mj and 8; and
the function f3(x) have been defined previously in reference to Equations (19a,b), The
procedurs for finding q; is the sarne as that for finding P1 except that p 2 0 and q3
replaces pj, i.e.,

OE kak EqA N
o[, =1 2R3 q3 1812 . l: -l
= 2 — - ATE ky(aq- + - 55

A fatigue analysis of the high-strength liner is now conducted, The range in the
hoog -stress at the bore is: <

\ j

If the elasticity solutions, Equations (14a) and {192), for the uy, and Equation (51a)
for p, are substituted into Equation (52) and.-the resulting expression solved for p}» then

~

\»

w -

SR, A e

A
SR V- T WL - N O PR S

e : o) eo)max = (6)min  p (ky2+1) (101“-c,11)k1f2 (56)
- g = 5 - S - - - ,
?.1' 2 2 (lklz-‘l) ky2-1
g
where Equation’(13a) has been uned, (py-q,) is given by Equation (55), but an expression oo
for (q3-p3) is needed before Equation (52) can be used-to solve for p. The expression e
for (p3-q3) is obtai.ed from Equation (32) with {p;~q;) replacing p and with k3zk4?‘. ve sz .
replacing K% in Equation (31). Tliere results = ) 2
K
(P2-42) lent133p42. . KpE-1) , i
. agmpy - k”"zz N ,nZ3 (57) 7
{k3® k42.,.k -1) :
. o Lot
. W
Substituting for (q3-p3) from Equation (57) info (55), then subatituting for (p1~qj) from ;
Equation (55§ into (56), equating {og)r and @ oy from Definition (10a), and solving for .
ploy, oné obtains (2
A
y ' . 2 r(klz 1)2(g~h) | 5
ce S (58) Lo
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where

nw3, 4, ..., N, The result is

2B k2 (k2N 3y

hw (59)
Es (an(N-Z)_I)

(k3 = k4 = ,.. = k, for the outer cylinders as shown by Equation (45). Therefore,
k32 k42 cee kN an(N ~2) in the expression.for-h,)

It is ea,szly shown that-(g-h) is independent of N, the numher of components. There-

fore, p/c; given by Equation (58) is independent of N, Howevex, p/e) is dependent upon
ky whereas for the multiring container it was not as previously shown by Equation (44),

This dependence is also shown in Figure 49, From this figure it is evident that the ring-

segment container cannot withstand as great a preasure as the multiring container if
the overall size is the same, This result is believed due to the fact that the segments

donot offer any support to the liner —~ they are "floating' members between the liner and
_the third component, nuother ving, The effect is more pronocunced as the segment size

is increased, This is shown in Figure 50 where it is seen that the pressure decreases

with increasing segment size, . 7

" The detrimental effect of insuffzcxent segment support to the liner can be reduced
by using a high modulus material, tungsten carbide, for/the segment material, This is
shown in Figure 51, However, the improvement is not sufﬁczent enough to increase the
pressure capability of the ring-segment container to that of the multiring container,
This conclusion is based cn results for various wall ratios,

. S
“ e

, N g
"The fatigue analysis of the outer ductile cylinders is conducted in the same manner

as it was done fur the multiring container, except now the component nurmbers are

Y
| P_ | ' a, (k,2-1) (N-2) ' 60)
, N 4
. i Z[(a’r'am) Ley?4+1) ' (3a, + 2ag) ]
\ o e o
‘ . 2 kgl kyle?-1) (g-h)

@ [

This result is plotted in Figure 52, which shows the effect of increasing k) and compari-
son with the multiring container, Although p/e can be increased by use of segments,

the ring-segment container has the limitation of tower prc-l as ghown before in Fig-
ures 49 and 50.

The. effect on p/e of .increaaing,thé segment modulus was also investigatea, How-
ever, the effects were found to be insignificant,

<\

Y

Q_\\ - Ring- Fluid-Segment Container
NN

The ring-fluid-segment container is fllustrated in Figure 39c, This container is
a combination of a ring-segment container for thg; inner part and a multiring container
for the outer part, All of the equations derived for the multiring container can be used
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for the outer part, For the inner-part, Equdtions (51a,b), (52), (53), (54), and (55) ap-

ply, The latter equation.applies with q3 = 0/ Equation (56) is valid and can be used to
find p/o] for the liner. [Equation (56) is not needed since p3 is given,] Solving for
17?'01, one finds

P ar (klz"vl)
;—;n ‘1.2 ) 2 ) (61)
1 [‘kl +1 E. 1(:13~ ) El P3 kl k2k3 ]
2 glkyé1)  “Ejp glky?-1)

This equation shows that an increase in p3/p gives an increase in p/o 1

Let'cy be the ultimate tensile strength of component 3, the outer cylinder of the
inner part of the ring-fluid-segment container, If fatigue relation, Equation (9) is
used for this cylinder, then there results

_ kg? [5 1 ]
63“;;‘5:{ ‘i(pz'Ps)‘zqz (62)

The-pressures py and q,, are related to P and qi via Equation# (51a, b). Py and q, are
related by Equation (55)2with qz 2 0. One other equation involving p; and q; is needed
which is found from ths‘De"mi %on (10b) for the parameter o, i,e.,

(‘”G)max + (o 0dmin
2

“ K2+l (p +aqy)
Kk2-1 k2-1

= B
™ m* 2

at r,,

< \?

Solvine fow

i

Solvirg forp; and ql, finding p, and qz, substituting into Equation (62), and solving for

plog, one obtains-

eg® - 1)
s z{iaa 5 ?.aa.[._.?El. R 1)
k2 p B(kl -1) ky 2p L gE; (k3‘2‘-‘1)
whs;'s ) © )
dp  (Bp- ) (ky2-3) o N
——— g2 - - -—'-—T-— —— ;’ 4

Lo -

k)
The pre'saura-to‘- strength ratios p/ey and p/r3 ave plotted in Figures 53 and 54 as

a function of segment size kp and wall ratio &' for ky = 1,1, p3/p ='0.2, 04 = ¢, 5, and
= <0,5, The prsssursuto- strength ratios increase with K' or equivalently with-kj,

since K' = kikaksz. The bshaviar shown tox ky = 1, 1 ig the same as that fourd prsvidusly

for the ring-segment container; i.e., p/r, increases with increasing kyy but p/o
decreases, However, if k) is incxeased to 1.5 from 1.1, then.p/oy alse increases with
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kp for large K' as shown in Figure 55, p/o3 contmues to increase with k as shown in
Figure 56, Thus, both p/r) and p/oj increase with large K! for kp = 2,0 and k; = 1,5,
¥or values of kp between 2,0 and 4, 0, however, computer calculations show that p/c}
and p/o-3 first continue to increase and then decrease,

The prnssure-to- strength ratigs can.also be. increased by increasing the support
pressure p3. This is shown in Figure 57, With the high ratios shown, it is theoretically
possibla io have bore pressures as high as 1,000, 000 psi in ring-fluid-segment con-
tainer, However, practicable limitations regarding excessive intexrference and size
requiraments, which are discussed later, considerably reduce the pressure capability
of this design, )

The interferences and residual pressures for outer and inner parts of the ring-

fluid-segment container can be calculated using the analysis derived previously for the
multiring container and the ring-segment container, respectively.

an~Segment Container

The analysis of the pin»segment container, shown in Figure 39d, also assumes a
high=strength liner, It is also assumed that any manufactured mterference is taken up
during asaembly by slack between pins and holes. Therefore, the residual pressure, q1,
between liner and segments is zero at room temperature and nonzero at temperature
only if the coefficient of thermal expansion of the 11ner, o], is greater than that of the
segraents, X, In this analysis, it is assumed that ay & az.

The following radial deformation-equation must be sansfied:
uy(ry) +0o) ATry = uz (ry) + 0pATry (64)

wherse '
" uj(ry) = the radial deformation of the liner at r) due to p.at ro
and p; at r; when p # 0, and due to ¢; at r; when p.= 0,

up(ry) = the radial deformation of the segments at ry due to py or
’q1 at r) and the pin loading at r,. >

Substituting into Equation (£4), Equations (14a} and (23a) for uy and up, and solvm
for pj» one gets ‘

.« ° ) ,1 ) ap ’ . ) .
, p Ez [ p 12 1 + ELAT (al - zwzaa)] {65)
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where
Eq [ ko241 Mafslr))
- 1[2 v+ 283\r]

G2
g2 = = Ep — +gmgq (r1)
2

2
kz -1 Bl ri,

k12+1

+ -v . (66)

K% - 1

Similarly, 40 is found if p is taken as zero; i.e,,

Q= . (67)

g2

Formulating the range in hoop stress (rg), at the bore (Equation (£6) and using the
definition acy = (og)r, we get the following expression for p/oy:

p 2% (k)% - 1)% g,

Ty

(68)

N

4 2
[Equation (68) is identical in form to Equation (58),}

N
\«

The pressura-to-strength ratio p/oy is plotted in Figure 58, Comparing this X

figure with Figure 45 for the multiring container with ay = 0.5, it is evident that both
containers have:the game limit p/o) = 1 for large wall raiios, However, 0, = 0,5 is
possible only if 0., £ 0 as shown i Figure 42, Actually, 0m = +0.5 is likely in the pin-
segment container if a, = 0,5 because any interference is expected to be lost in taking
up slack between pins and holes, In this case, then, @, = 0,5 would mean only one cycle
life whereas ¢y = 0.5 means 104 to 105 cycies life in the multiring container. '+ fiis
assembly problem could be elirinated by careful machining and selective fiitivg-c, pins,
then theoretically with sufficient compressive prestress, the p/o-l ratio of the p';.-
segment container could be made to approach that of the multiring container,

Since ao prostress has been assumed for the pin-segment container, &_=0o_ = 0.35
for 104 £o 165 cycles as shown by Figure 42 For 0, = 0,35, it is found that 1;/0-1 &
limited t00,7 at best, Therefore, the maximum pressure in the pin-segment container
i p w 0.7 {308, 000) = 210, GOO psi for 104 tn 1% cycles life, '

" Tho strepses in the segments have not ¥t been considered. High stresses develop
avound the zin helss, These too limit the pressure in the pin-segment container, Analy-
sig of the siresses in the scgments ia descyibed in Appendix I.  For the purpose of
satimaiing stressas {n the segments the intsriace pressure py is needed. Therefors,
plote of py/p are provided ia Fignre 59, It iv evident that the interface pressure py is
appreciably luss than the bors prgssure py espacially for large ky and small kj.

The pins aye analyzed in Sppendizll, In order to carry the pressure loading Py
it 18 found that tho pin-io-segment~-Jiayoter ratio must be )
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An analysis vas not conducted for the strip-wound container, because it is possible
to estimate its relative strength based upon the results of the analysis of the multiring
container. The scrip-wound (wire-wrapped) cylinder uses basically the same principle
as the multiring container, It has a cylindrical inner cylinder, the liner, under pre-
stress, but the prestress in the liner is provided by wrapping strips or wire under ten-
sion onto the liner,

To estimate the pressure-to-strength ratio of the strip-wound vessel it is assured
that it behaves overall as a thick cylinder under internal pressure after the strip has
becn wound on, Referring to Equation (44), we see that the pressure-to-strength ratio
p/cy depends only on the overall wall ratio K and a, the stress-range parameter for the
liner material, If K for the strip-wound vessel is taken as the ratio of the outside di-
ameter of the last strip layer to the inner bore diarneter, then Equation (44) can be used
to estimate its pressure capability, Therefore, it may be concluded that the strip-
wound container has a maximum pressure equal that of the multiring container. How-
ever, unkiown local stress concentrations and contact conditions between strips may be
detrimental in the strip-v ound design, Because of these possible disadvantages and no
better pressure capability than the multiring container, detailed analysis of the strip-
wound vessel is not warranted. However, the strip-wound design does offer advantages
in producibility of large-diameter containers as pointed out later in the ""Design
Requirements' section of this report,

Controlled Fluid-Fill, Multiring Container

[P —

A controlled fluid-fill container, shown in Figure 60, has been proposed by
Berman(42), All the rings are assumed to be made of the same ductile material and a
shear-strength criterion applies, Like the ring-segment-fluid container, this container
also uses the fluid-pressure support principle, The advantage of this design is that
under static applications the residual-stress limitation (the limit curve in Figure 43) can
be overcome by controlling the pressures p,; i, e., the pressures, p,, can be reduced to
zero as the bore pressure, p, is reduced to zero, There are no shrink fits, so there
arz no residual st. 2sses, Berman's analysis was based upon static strength, A similar
analysis is now conducted based on fatigue strength,

d 8¢t py
eIy T (69)
) 34 7
where
d = pin diameter, t = segment thickness,
2ry = inside segment diameter, T= maximwn shear stress in pin,
g Strip-Wound Container
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FIGURE 66, CONTROLLED FLUID-FILL CYLINDRICAL-LAYERED
CONTAINER [REFERENCE (42)]

In order that each ring may have the same shear stress under static pressure,
Berman finds that the same relation, Equation (30) [first found by Manning(5)], applies
for the controlled fiuid-fill container that also applies for the multiring container de-
signed for atatic shear strength. If this result is ased in a shear fatigue analysis

(assuming ductile materials), then Equation (30) can be interpreted as the maximum
shear stress developed during a cycle of pressure, i.e,,

2/N
P X~ -
(S)max - N (KZ/N—I) (70)

If the pressures Pn @™ reduced to zero, then the minimum shear stress during.a cycle
of pressure is zero, liwurefore, the semirange and mean shear stresses are equal,

pKZ/N
Sm =8y =

T 71a,b
oN(K2/N_1) (712, )

where S, and S, are defined in Equations (63, b).

If Equation (71a,b) are substituted int» the fatigue relation, Equation (9), there
results

5p K2/N
————— (72)

it is surprising that *his result, Equation (72), is the same as Equation (40) plotted
in Figure 44, the result of the shrink-fit analysia, except now the limit Equation (42) no
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longer applies, Therefore, now p/s can be made an large as desivec. cimply by in-
crearing N, The valy problem is that the required N or X may be too large to be pracii-
cal, For example, assurne ¢ » 150,000 psi {(ultimate sirength of 2 ductile stzel), N =8
and K = 16, Calculating p we find that p = 240,000 psi. Thus, it is concluded that for
fatigue applications v..der high pressure the controlled-fluid-fill, multiring cuntainer
becomes too large to be practical, Eight rings also means there are seven annuli under
fluctuating pressures, (The magnitudes of these pressures are all different and are
given by an equation similar to Equation (38).) Design of mechanical apparatus to supply
and control all these pressures presents practical difficulties alsc.
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ANALYSIS OF RING FLUID RING
CONTAINERS FOR HIGH PRESSUKE

A high-pressure-container design waa suggested in Interim Report 1v(21) which
derives the benefit of both shrink-fit and fluid-pressure support. This design is shown
in Figure 40, It is composed of two multiring units and therefore avoids the numerous
difficultics encountered in segmented designs. Analyses of this advanced container
design are wescribed in this section. The analyses for calculating maximum pressure
capability, residual stress, and required shrink-fit interferences were programm-d for
calculation on Battelle's CDC 3400 and 6400 computers.

Generalized Fati}ue Criteria

In the earlier analyses, two fatigue criteria were used for either high-strength
liner steels or for ductile outer cylinders, These were a tensile-strength criterion and
a shear-strength criterion repectively, These criteria were postulated tor pressure-
vessel stress conditons, The fatigue data available in the literature were used to deter-
mine the criterion for failure. Only uniaxial data could be found on high-strength steels,
Some triaxial fati%ue data from pulsating fluid-pressure {ests were available on low-
strength steels, (35)

In s general design of a multiring container, different steels with different fatigue
behavicr may be used to advantage for each ring, Since .0 definite fatigue data are
available at this time on the biaxial or triaxial fatigue of high-strength steels in particu-
lar, generalized fatigue criteria with arbitrary coefficients are formulated here on both
a tensile-strength and a shear-strength basis, (For sxample, it may be thata high-
strength brittle steel will fail in a ductile manner when subjected to high bore pressures
in a container,) These generalized fatigue relations are as follows:

AL (Ol ¥ By (09I, =0,
or . (73a,b)
AnS,+B, S, =0, ,
where
A,, Bj, are coefficients describing the material of ring number n,
subscript r denotes the semirange stress component,
subscript m denotes the mean stress component, and
0, is the tensile strength of ring number n,
The linear relations (72a,b) can be used to describe in a stepwise manner, nonlinear be-

havior as illustrated by the semirange, mean-shear-stress plot in Figure 61, (The
conatant coefficients A, and By in (73a) are related to the variable parameers ap and o,

defined earlier as follows: A, = &L for Oy, =0, By = a—l- for ap = 0.) The shear fatigue
r m
relation
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35, + 2Sp, =0, where 0 < 0y, for 106 cycles life (74)

i Equation (9) in the previous analyses], must be limited by the yield strength, Oy, for
large mean stresses as shown in Figure 62, i.e,

- 2 <
Zsrmx = Zsr + ..Sm ..ay (75)

A conservative shear-fatigue relation is the foilowirg:

3G i

(-a—y- S, +28,, = 9y for 106 cycles life (76) ?

Relation (76) is also shown in Figure 62, [The coefficient A, = 3 in Equations (74) and P
(76) is taken from data in Reference (35) ar indicated earlier on page 164.} 2
The significance of the limit S,,, = 0 [used in conjunction with Equation (7) on page %

163] is now pointed nuit, Sy at the bore is related to (dg)y, as follows:

60m  (Po - o) _98)m _ Po

,Sl:ixz 2. 4 - 2 +Tf°r qo =0 .
Thus,
Po
(O6)m = - =5 for 8, =0 . (17)
, (ae)r
For a multi»'..g container it was found that((po)m,x 30y fora, = =0.5, ay, =
‘ u

©8)m
Ou

criterion witha, = 0,5, ay, = -0,5 is equivalent to S, = 0 for the shear strength
criterion,

= - 0.5 for 104.105 cycles lifa>. Therefore, the maximum tensile strength fatigue

Coefficiants A, and B, in Equation (73a) are now calculated for the tensile
criterion postulated for high-strength steels @, 2. 250,000 psi) from the fatigue data
given in Table XLII and XLIII, These data are as follows in terms of o, and a‘m:

Semirange Paraiaeter, o,

Fatigue Life, cycles for 0, =0 fora, = a
10%.10° ¢.50 0,35
106.107 0.35 0,25

Thus, for 0 < am < Ay {2ero to & positive mean stress) the coefficients Ay and B, are
calculated to be:

Fatigue Life, cycles An Bn
104-105 2,00 0,86
106-107 2,86 1.14
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For, -0, £ Qn £ 0, in leiu ¢f actual data, the fatigue relation (73a) ie assumed to be
horizontal (Figure 61), i.e., B, = 0 with A, =2,00 and A, = 2,86 for 104-105 and
106-107 cycles life, respectively,

Geneiral Analysis of Multiring Containers

A multiring container or a multiring unit of a :wo-unit container such as has been
shown in Figure 40, is assumed to have pressures {luctuating between q, and p in the
bore and between qpy and pj; on the outside diameter. Minimum stresses during the cycle
occur at pressure preloadings q, and qp, and maximum stresses occur at operating-
pressure loadings of p, and pN. (The pressures qy and py are the so called 'fluid-
support pressures'.) The generalized fatigue criteria (73a,b) are used, The elasticity
solutions for the stress components in Equations (73a,b) are as follows:

- 1 2 N 2
@g), 'm [(pn-l "y Mk, F 1 - 2p, - 9,0k, J ! (78a,b)
n
1
(oe)m = 'Z—E-—_ [(pn_l + qn-l)(k!zl + 1) - 2(pn + qn)kﬁ ] s (79a,b)
(l"n - 1)
kZ
n
S, =~—5—— [(Pp.1 = Pp) - @n-1 - 9)]
r Z(ki 1) n-1 n n-1 n

The p,, are related to the q, as follows:

Pp=9, t(-0.) (80a)
where
(p e clf)
Trn =—9'2'—"3"(1 - k121+1 k%1+2 s 1{2N) (80b)
(K® - 1)
(p "qN) 2
--.-157-—-—-(1{2 c18, KB, o K2, n=1,2,..,Nu

(K™ - 1)

There are (ZN-1) unknowns: M pressuresp,, (n=0,1,.,,,N-1)and N-1 pressure q,
n=1,2,,.,,N-1, (Determining p, the bore pressure determines the pressure capa-
bility,) There are also (2N-1) equations: N equations from Equations (73a) or (79h) for
ringsn=1,2,,,.,Nand (M-1) equations from Equation (80a), Therefore a solution is
tractable,

This saalysiz was programmed into a computer code, Program MULTIR (abbrevia-
tion for multiring), for Batrelle's 3400 and 6400 CDC computera. Results are given later
when cpecific designs are discussed, First, the influence of "fluid-support pressures"
qp and pyy is studiad by considering the example of a fatigue shear strength design.
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Shear-Strength Analysis of a Mu'tiring Container

A multiring container is considered which has all rings of the same material, i.e.,
the same Equation (79b) is assumed valid for all ~ings, n=1,2,,,,,N with A=Ay =
..AN3 B) =Bp =...Byjard o) =03 =.,. =0 =0. The pressure-to- strength ratio
po/o is derived in exac.ly the same manner as in Equation (42) (for the .recific case

Ay =3, By =2). The result is

Po PN 2N K2/N . (Ap - Bpla, -4y

+ - 81
¢ 0 (Ag+By) KN A +B) o (81

Simileyly, a limit is imposed such ‘hat the minimum shear stress, Smin: 2t the bore is
greater than or equal to the compressive shear strength of the liner, S, i.e.

OC »
Smie "8, =~ 5 (82)

{(This limit is believed to be more realistic than the limit 5,, = 0 that was used in the
eariie: analysis,) Using the definition S35, = - S, + S, the fatigue relation (73b) and
the equation for S, in the liner,

2
S =
ok -

[Py ~ay) - By - 9]

in tne inequality (82) there results

2

Po K2-1 B, [ 2

= Oo +— |+ (py - Gp) + 9, 83
o= K A;+B_\ ¢ B, P = 4p) ®3)

The pressure-to-strength ratio po/o’ from Equation (82) and the limit (83) are
sketched in Figurz 63 as functions of py, qy, and g,. The solid curve for p, is valid
only when it is below the dached 1imit curve, The support pressure, py, gives the most
benefit as shown - both p, and (pgy)1jmit increase with pp;.  Stnall amounts of pressure,
qn, are helpful if p, < (Pg)1jmj¢: A residual bove pressure, q,, is detrimental - p,
decreases with q .

Considering . two-unit, muiti;iﬁg,g&ﬁt@jiner, it can now be realized that it is best
-hat the fluid suppo.'t pressure also fluctuat¢s.for two reasons:

(1) Too greata residual preasure, gy, on the inner unit decreases its
pressure capability,

(2) The pressure, qy, on the inner unit corresponds to the pressure, q,
on the outer unit, which in tu.m decreases the pressure capability of

the outer unit,

The best design in a apeciﬁc case may not require that qiy = 0, but it will require that qy
be sufficiently small,
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FIGURE 63. INFLUENCE OF PRESSURES py, qp AND q, ON THE
PRESSURE CAPABILITY p,

Comparison of the Shear and
Tensile-Fatigue Criteria

A container designsd on the basis of the shear-fatigue criterion will have a pre-
dicted pressure capability generally lower than that of a design based upon the tensile
fatigue criterion., This is illustrated in Figure 64 for a single-ring (monoblock) container
with pyr = 9, = qy = 0. The curves in Figure 64 are plots of ‘he equations

2 _K:.)
(Ap + Bp) K2 + 1

Po/0y for the tensile criterion, and (84)

z  oyKé-1
Po/Gu = ~% ——— for the shear criterion (85)
(Ap + By) oy K

For a large wall ratio (K) the shear criterion predicts lower pressure capability., For
thinner walled containers, K¢ 1.7, the reverse is true,

For 1.4 < K< 2.0 the tensile criterion and the shear criterion both predict about
the same pressure capability as shown in Figure 64, This agrees with the conclusion in
Reference (46) based upon experimental fatigue data of cylinders with 1.4 < £ < 2,0 under
cyclic internal pressure, However, the shear criterion severely lirnits the pressure
capability for lazge X. Thick-walied containere, multiring units, are needed to contain
the high extrusion pressuree and the important question arises, ""Which criterion should
be used'"? The shear criterion curve in Figure 64 is based upon fatigue data {rom actual
pressurized cylinder tests for low-sirength ductile steels, having an ultimate tensile
strength of 0, = 126,000 psi, (35) The tensile criterion curve, however, is based upon
rotating -beam and push-pull tests of high-strength steels, oy, > 250,000 psi. It has been
postulated that the tensile criterion holds for ihae high-strength steel containers under
internal pressure, Experimental verification is needed., The successful design of
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containers for bore pressures 250, 000 < py < 450, 000 pn1 depends upon the validity of
the postulated tensile-fatigue criterion.
<

In Figure 65 a comparison of the theory based on the tensile criterion is made with
experimental data of Reference (46). The data from Reference (46) are for 4340 steel
with ultimate tensile strength g, = 160,000 psi. Unfortunately, the experiments were
run only for lifetimes up to 105 cycles. The compariscn, Figure 65 shows that the
theory predicts a too high pressure capability in this case. If the theory derived for
high-strength steels is valid for the lower strength 4340 steel, then Figure 65 indicates
that a cylinder designed for 106-107 cycles life would actually fail earlier at 104-105
cycies, This may result from the detrimental effect of fluid entering voids in the
materials under pressure, It is expected that large compressive prestresses from
shrink-fit in multiring units will prevent this detrimental effect, This expectation needs
to be investigated experimentaily,

When design pressures are low enough, the more conservative shear criterion
should be used. In some cases the tensile criterion can be used for an inner ring and the
shear criterion for outer rings as described earlicr and in Example Design 2 discussed
below,

Example Designs of Containers

The design of the multiring componenis of the ring-fluid-ring container require not
only calculation of required diame’srs and interferences but also due r.onsideration of the
feasibility of manufacture and assembly, Excessive size and interference requirements
will render a design impracticable, Calculations are described here, using computer
code MULTIR, for two example designs, The diameter and interference requirements
are listed so that they may be used as a basis for judging the feasibility of manufacture.
Calculations are performed for 6-inch-diameter-bore designs. A larger design, witha
15-inch-bore diameter, is then considered by scaling up the diameter and interference
requirements for the smaller design..

Example Design 1

A two-unit, multiring container is analyzed based entirely on the tensile-fatigue-
strength criterion, The inner unit consists of only one ring, The data for the inner.unit
are as follows:

wall ratio, K = 1.5

inner radius, rqy = 3,0 in,

outer r;dius, ry = 4,5 in, (86)
design tensile strength, o, = 300, 000 psi

mazimum internal bore pressure, p, = 450, C00 psi

minimum internal bore pressure, q, =0 .

it is assumed that
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(fatigue data from Tables XLII and XLII for 106-107 cycles life), under the following
conditions:
(Q'e)max = 0, (ce)mln i - 01 (88)

Equation (84) and thé definition

O9)min = @) max - 2(@9);

require from (85) that

(O0)min = - 2/3 oy . (89)

To obtain conditions (87-89) a fluid-support pressure varying between q; and p, is to be
found. Because the inner unit consists of only one ring in this case, calculations on the

computer are not necessary as they are easily performed by hand, The analysis proceeds
as follows:

2 2
K +1 K
(Ge)max'poKZ_l—ZleZ_1=o ’
,p°K3+1 ‘
p; =——~——5— = 325,000 psi , (90)
2 K%,
2
K
(0g) . = - 29 =~2/30
8'min le—l 1
2 a
K -17%1 .
. q1 ~——E'-2“-——;=55,500p81 .o (91)

Thus, it is found that the outer unit must withstand an internal pressure varying between
55, 500 psi and 325,000 psi,

The computer code, MULTIR, is used for the outer-unit calculations, A 1/2-inch
gap is allowed between the units for the fluid-support pressure, i.e., r45 = 4,50+ 0,50 =
5.00 in, for the outer unit., The assumed daia are

wall ratio, K = 4,0,
number of rings, N = 3,

ring radii, r, =5.0 in,, r] = 7.95 in., rz = 12,61 in.,,
r3 =20.0in,,

support pressures, py =gy =0,
minimum bore pressure, q, = 55,500 psi,

fatigue coefficients, A, = 2,86, B, =1,14,

Different calculations, 1A - 1D, are performed :foi; rings made from materials with
various strengths, Results are given.in Table XLV, All four calculations give results
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that satisfy the requirement of maximum bore pressure of p, = 325,000 psi, Tae effect

of varying the strength of the rings .s indicated, ADesignol()%zhas the minimum required
interference, A) = 0,0622 in., corresponding to -r—l}- = —7-,;-5-— = 0,00782 in. in,

TABLE XLV, RESULTS OF COMPUTER CODE MULTIR FOR EXAMPLE DESIGN 18)

Results
Design Tensile Strength Maximum Bore Reauired
of Rings, 01, psi 1 Pressura Interferenced), in,
Design 1 2 3 for 108 Cycles Life 8 i)
1A 325, 000 325,000 325, 000 338, 337 0, 0670 0.0739
1B 350, 000 325,000 300, 000 332, 699 0,0622 0. 0630
1C 815, 000 350,000 300, 000 345, 837 0,0658 0, 0578
1D 400, 000 350,000 300,000 351,251 0,0625 0,056178

(a) Based entirely on the tensile-fatigue criterfon,
(b) Intarferences required on the radius, A; required between rings 1 and 2, and Ag required
between 2 and 3.

Example Design 2

In this design the more zonservative shear-fatigue-strength criterion is used for
the outer (second) ring of the inner unit and for all three rings of the outer unit. The
given data are:

Inner Uhit

wall ratio, K =3,

number of rings; N =2,

radii, r, =3.00, ry =5,1960, rp =.9.00,

tengile strength of ring 1, ¢ =300, 000 psi,

yield strength of ring 2, Oy = 212,500 psi (9‘Y = 0,85 g,, 0, = 250,000 psi),

fatigue coefficients,

Aj =2,86and By =0, for ring 1,
Ay = 2,55 and By = 2.0 for ring 2,
minimum bore pressure, q, =0, |

support pressures, pz = 160,000 psi, q = 0.
Outer Unit

waJ.'l ratio, K = 4,
radii, rp =9, 500 in. , #p 215307 in,, ;:2 = 23,90 in,, r3 = 38.00in,,
" number of ringé, N=3,- ERE
_yield, ‘i@}:g,':wi{“gff:ﬁ;,b,f;;;ﬁgé,, 0y = 255,000 psi (Oy, = 0.85 0y, 0y .= 300,000 psi),
| fatiguei coetficientiiof tibgs, Ay =2:85, By =2.00,

I
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minimum bore pressure, q, =0,

support pressures, p; =q3 =0.

The support pressure, p,, on the inner unit was precalculated by an analysis ;
similar to that of Equation (50) to give (oe)max % 0 at the bore,

The results of computer code MULTIR are
Inner Unit
Po = 455,832, A} = 0,0416 in,
Outer Unit
P, = 202,817 psi, Al =0,0772 in., A, = 10,1220 ia,

The maximum allowable pressure, p, = 202, 817 psi, in the outer unit represents a factor
of safety of 1,33 over the required pressure of 160, 000 psi.

A A PR R i B8 A A St M SV s 30 b W oot b Bt Tt ~rr 0

The 6-inch-diameter-bore designs considered would require outside diameters of
40 inches and 76 inches for 325,000 psi and 455, 000 psi capacities, respectively, The
larger diameter requirement in the second case reflects the conservative shear-strength
basis of this design, Containers with 15-inch-dianmeter bores would require (scaled-up)
outside diameters of 100 inches and 190 inches, respectively. Rings of those diameters
are considered too large to be practicably manufactured and assembled.

£

Theoretically, a ring-fluid-ring container can be designed to a maximum pressure
capability of py,3x % 1,000,000 psi, It would have a multiring innex unit. However, the
external-size requirements make such a design impracticable as was the cas» for the
ring-fluid-segment container,

Conclusions and Recommendations

Bore pressures of 450, 000 psi corresponding to 106 cycles life are found to be
theoretically possible in hydrostatic-extrusion containers using the fluid-supported multi-
ring concept, Container designs with 6-inch-diameter bores appear to be practicable
to construct., However, outside-diameter requirements of 15-inch-diameter-bore con-
tainers appear too large to be practicable at this time.

Theoretical analyses have been based on postulated fatigue behavior of high-
strength steels. Experiments to obtain actual fatigue data of high-strength steel cylinders
under cyclic pressures up to 450, 000 psi is needed before the predictions of theory can
be verified. A potential probleim in such an experimental fatigue program is foreseen:
the fatigue specimens will have to be heavy-walled containers in order to support the
high pressurés, Therefore, an alternative experimental research program consisting
of two steps is recommended:

{1) A preliminary analysis aimed at designing small specimens pres-
surized and mechanically loaded to simulate the stress condition at
the bore of a container,.and

(2) ‘Construction and testing of simulated specimens,
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DESIGN REQUIREMENTS AND LIMITATIONS
FOR HIGH-PRESSURE CONTAINERS

Asg already indicated, the ‘checretmally_ predicted maximum-pressure capab1hty for
the five containers considered in detail in the present study are as follows for 104
105 cycles life:

Maximum Pressure, p,

_ Container . psi

Multiring *10, 000
Ring-segment J, 000
Ring-fluid-segment (p3/p = 0. 3) ~1, 40,000
Pin-segment 210,000
Ring-fluid-ring (multiring inner unit) ~1, 000, 000

These pi‘édictions, basged on the fatigue strengths of steels with an ultimate tensile
strength of 309, 000 psi for the liner and 200, 000 psi for the outer cylinders or compo-

nents, apply to any operating temperature provided these are the strengths at that
temperature,

For liners with ultimate tensile strengths much greater than 300, 000 psi, the
theoretical maximum pressure capability of the various designs may be improved ap-
preciably, This is true if it can be assumed that the higher strength materials would ex-
hibit the same fatigue behavior as that shown in Figure 42 for steels with ultimate tensile
strength ranging from 250, 000-312, 000 psi at room temperature. {Tensile strengths of
410,000 psi have been reported for AISI M50 steel. If the previous assumption is cor-
rect, then a multiring or ring-segment container with an M50 liner would have a theo-
retical maximum pressure capability of 410,000 psi, However, these containers may

require that some ductile cuter cylinders have ultimate tensile strengths greater than
200,000 psi,)

Possible Marufacturing and Assembling Limitations

It is important to note that the theoretical pressures given in the above tabulation
may not be achievable for each design because of practicable design limitations. For
example, the outside diameters required for designs having 6~ and 15-inch bore diameters
and maximum pressures up to 450,000 psi are as follows:

Maximum Pressure, p, . Qutside Diameter, inches
Container psi 6~inch~Bore Design 15-inch-Bore Design
Multiring 300, 00 51,0 127.5
Ring-segment 300, 00 60,0 150.0
Ring-fluid-segment 450, 000 88.0 218.0
Pin-segment 210,000 90. 4 180,2
Ring-fluid-ring 450, 00C- 76,0 190.0
{(Example 2) '
208
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It may be impossible to obtain steel cylinders in such large sizes (10- to 50-foot
diameters) with ultimate strengths of 200, 000 psi, and it may be impossible to machine
and transport such large cylinders. Also heat treatment cf heavy sections may be a
problem. This may not be the case for pin-segment container, however. In this in-
stance, it may be possible to forge the large steel pins (18.2 inches and 45.4 inches in
diameter respectively, based on a design shear stress of 50,000 psi in fatigue for the

pins) and the segments (thick plates). This indicates an advantage of the pin-segment
design for vessels with p $ 210, 00v psi.

A pin-segment arrangement may also bo used to advantage as a replacement for
the outer cylinder in the other container designs. This would help overcome the dif-
ficulties associated with the large steel cylinders. A wire wrap or strip wrap could also
be used to this advantage as a replacement to outer cylinders,

The limitations in some of the designs due to large-diameter outer cylinders may
also be partially overcome by using the autofrettage process to provide some additional
prestress at the liner bore, The process introduces compressive prestresses by plastic
deformation of the bore, This approach could reduce the size and number of outer rings
that otherwise would be needed to achieve the total prestress by shrink fitting alone.

In fact, the autofrettage process could be used to improve the size efficiency of all the
design concepts considered, However, if autofretiaging is employed, then high-strength
steels with appreciable amounts of ductility should be selected for the liner because the
process requires plastic deformation of the bore.

In addition to the potential problem of cylinder size, the theoretical pressures :
may not be possible to achieve because excessive interferences may be required for
shrink-fit assembly, The maximum interferences required for the designs are as

I STy

follows:
:
Maximurn Pressure, Maximum Interference 3
Container p, psi Required, inch/inch %
Multiring 300, 000 Ay/ry = 0,0036 ]
Ring-segment _ 300, 000 Aqp/ry = 0.0028 5
E, ;
(ko = 1,1, =—=3,0) 3
2 ' B %
Ring-fluid-segment 450, 000 Aya/ry =0.0129 i
2.0 :
(ky = 2.0) 4
Pin-segment 210,000 None, except for a small E
amount to take up slack :}E
) during assembly &
Ring-fluid-ring 450, 000 Ay/ry =0.0080
(Example 2)

For the multiring container, the interference required between the liner and Cylinder 2
as manufactured is A}/ry = 0,0036 in, /in, This is a reasonable value and it corresponds
to a temperatuve difference of 400 to 500 F for assembly, However, the interference

as manufactured is not always the same as the interference as assenioled, Suppose that
the multiring container is assembled ring by ring from the inside ovt. Each ring ex-
pands as it is shrunk on and the assembly interference progressivels increases beyond
the manufactured interference. Formulas for the assembly interference can also be
derived. Derivaticns are given in Appendix II.
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The interference required for the ring-fluid-segment container is Aj2/r] =
0.012% in, /in. This interference requirement is severe, if not impossible, especially
when one considers assembling not only the liner and Cylinder 3, but also a number of
segments all at the same time, (A2 is the interference required between the liner,
segments, and Cylinder3, A, is also the assembly interference ac well as the manu-
factured interference since the liner, Cylinder 3, and the segments must be assembled
simultaneously.) The large magnitude for A, is primarily due to large radial elastic
deformation of the segments under pressure. This is shown as follows: from Equa-
tion (19a) it is found that

5 = 0,69 for k, = 2 and p2=p1/k2 ’

where vy and u, are the radial displacements of the segment and r| and r), respectively.
From a computer calculation for the ring-fluid-segment container, p] at pressure
{rp = -p; at ry), is found to be p;/oy = 2.2, Thus,

EZ (ul-uz)
—— =2,2(0,69)=1,318 .
0,
u-u,
For p/o; = 2,87 and p = 450,000 psi, o = 157,000 psi. Hence, — = 0,00795% in./in,
1

for ¢y = 157,000 psi and Ep = 30 x 106 psi, and it is evident that large interference,
Aqz = 0.0129 in, /in,, is required to overcome large deformation of the segments under
pressure, This is a disadvantage for the containers having seg nts in their designs.

Another potential disadvantage of these designs is the possible problem of gouging
the liner with the corners of the segments if the components are assembled by pressing.
A further factor that must be considered in the design of segments is bending deforma-
tion. This is discussed ir Appendix I.

The savere interference requirements imposed by the segments are reduced if the
segment size (k,) is reduced and if a higher modulus material is used for the segments,
These effecis are shown above for the ring-segment container that has a lower inter-
ference requirement; i.e., Ajp = 0,0028 in. /in. However, selection of a high modulus
material must be done with care because iensile stresses do develop in the segments
as shown in Appendix I and many high-modulus materials have low tensile strengths.

Thus, it is seen that some theoretical container designs for high pressure may be
‘mpossible to fabricate because of the large outside diameters and interferences re-
quired. In order to obtain a more realistic evaluation of the various design concepts,
predictions of pressure capability are made for more practicable design requirements,
i.e., outside diameters limited to 72 inches und the interferences limited to 0.007 in./
in. maximum. These predictions are as follows for 104-105 cycles life:

€
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Bore Outside Nuinber of Maximam
Diameter, Diameter, Coinponents, Pressure, p,
Container _inches fnches ___N pst
Multiring (ky =2.0) 6 51.0 5 200, 000
(k1 = 1.5) 15 72.0 7 2175, 000
Ring-segment (ky =2.0) 6 60.0 6 290, 060
(kg = 1.1, Eg/E;=3,0) (k; = 1.5) 15 12.0 ) 265, 000
Ring~fluid -segment (pa/p = 0.3, kg = 1,25) 6 12.0 10 286, 000
(ky = 1.5, kg = 2,0) (pa/p = 0.3, kg = 1.20) 15 2.0 4 160, 00C
Pin~segment 8 12.0 3 195, 000
(k1= 1.8, kg =2,0) 15 (a) - -
Ring-flutd-ringt®) (ky = 2,0) 6 60.0 8 450, 000
(ky = 1.60) 15 52,0 4 219, 000

(a) OD £12.0 not possible for 104105 cyrles life and o * 0y, * 0. 35 if no prestress is provided.
(b) One ring inner unit. py/p= (k? - 1',/(2}(%).

It is evident that lower maximum pr-ssures are now predicted, particularly for the 15-
inch-bore designs. The reduction in pressure capability is due only to the restriction in
outside diameter for the multiring, ring-segment, and pin-segment containers How-
ever, both the outside diameter and interference limitations reduce the predicted pres-
sure for the ring-flvid segment container. The reduction for this container is severe
and is caused by three effects, The first is excessive deformation of the segments for
ky = 2,0, The other effects are coupled; reducing the outside diameter while main-
taining the dezign pressure increases the interference required, but limiting the inter-
ference causes a reduction in maximum pressure because the interference depends upon
the pressure.

Residual Stress Limitations

A container designed for a specific cyclic pressure requires certain residual
stresses (prestresses) at operating tempurature. It is zlso important, however, to
check the residual stresses at room temperature because of differences in thermal
expansion, '

Calculations of residual stresses are given here for the multiring container as an
example, (Residual streszes and operating stresses can be determined for all contain-
ers using the computer programs listed in Apperdix III.) The specific container design
discussed here is the oae considered in the foregoing section for a bore diametser of
6 inches, Calculations are performed for design applications at room temperature,

500 F, and 1000 F', The material data assumed are given in Table XLVI. Thelinerma-
terial isa assumed to be 18 percent Ni maraging steel, and the outer cylinders are as-
sumed to be made of modified H-11 steel. The differences in thermal expansaion for
these materials are likely to be the largest expected among the steels that may be used.
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TABLE XLVI. ELEVATED-TEMPERATURE DATA FOR 18 PERCENT
NICKEL MARAGING STEEL AND H-11 STEEL(2)

0 F 500 F 1000 F

Modulus of Elasticity, psi

18% Ni Maraging 26,5 x 106 23.0 x 106 18.7 x 106
H-11 30.0 x 106 27.4 x 106 22.8 x 106

Coefficient of Thermal Expansion, in. /in, /F

18% Ni Maraging 5.6 x 10-6 5.6 x 10-6 5.6 x 10-6
H-11 7.12 x 10-6 7.25 x 10-6 7.37 x 10-6

t—

(a) Poisson's ratio taken as constant, v =0,3 for both materials,

0.5 and &y, = -0.5, respectively. The results show that the excessive residual stresses
at room temperature occur for the multi-ring conta.ner having a required prestress,

o = -0} at 500 F and 1000 F; i,e., the residual stress cg < -¢] at room temperature,
where o is the design stress and o S ultimate tensile strength, The reason for this is
the larger interferences required for elevated-temperature application as shown in
Table XLVII. Larger interferences are necessary for high-temperature applications be~
cause the outer rings expand more than the liner due to the differences in thermal ex-
pansions as shown in Table XI.VI, On the other hand, reduction of the temperature from
operating temperature to room temperature causes the outer rings to tend to contract
motre than the liner, The liner resists the contraction and the residual interface pres-

sures are increased, thereby increasing the magnitude of the residual noop stress at the
bore,

Resultsare given in Table XLVII, The range and mean stress parameters were Q. =

If the multiring container is to be used at 500 F and 1000 F with the material
propertizs given in Table XLVI, then the prestress requirement,¢g = -0} at temperature
(@ = ~0.5)has to be relaxed, Accordingly, calculations of residual stresses and in-
terferences were rerun for @,, = -0.3 (prestress 09 = ~0.8 o} at temperature). The
results are shown in Table XLVIII. With oy = -0.3, excessive residual stresses at
room temperature are avoided for the 500 F design. However, for operatior at 1000 F,
am > -0.3 is necessary since cg < -0} at room temperature for the 1000 F design with

am = "0.3.

Decreasing the interference fit (from those in Table XL/VII to those in Table XLVIII},
in order to avoid excessive residual stresses at roomtemperature, increase (sg)max from
0 to positive values. As pointed out in the latter part of the Fatigue Criteria section,
zero to small (6g)max i8 expected to be beneficial in preventing the detrimental eifect of
Juid pressure from entering voids ih the material, Therefore, if excessive residual
stresses are to be avoided in containers designed for high temperatures, and if {og)ynax
is to be kept small, then the thermal coefficients of expansion of the component parts of
the container should be more closely matched thanthose of Table XLVI, Preferablythe co-
efficient of thermal expansion should be larger for the liner than for the outer cylinders;
this would cause a reduction rather than an increase in residual stresses upon decreas-
ing the temperature from operating temperature to room temperature.
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Other Possible Material Limitations

It has been postulated that a maximum-tensile-stress fatigue criterion applies to
the high-strength liner., Accordingly, fatigue data from uniaxial tension and rotating-
beam bending tests were used to evaluate fatigue behavior of liners for high-pressure
containers. However, the state of stress in an open-end hydrostatic extrusion container
is biaxial and in a closed-end container a triaxial state of stress exists. (A triaxial
state of stregs may also occur in a shrink-fit open-end container where axial stresses
may be produced by interface friction between shri “:-fitted rings.) The effect of com-
bined stresses on the fatigue strength of high-strength steels is unknown, It is pointed
out, however, that the analyses perforrned in this study allow for arbitrary material
behavior; i. e., the fatigue parameters, Uy and oy, usedin the analyses are left arbitrary
in the equations and ¢ould be determined from combined-stress fatigue experiments,

it has also been postulated that a compressive mean stress may benefit material
fatigue strength under cyclic fluid ;rvessure. However, biaxial and triaxial fatigue
behavior under compressive mean stress is unknown, Even fatigue data in the uniaxial
case are lacking for conditions of compressive mean strees,

Also unknown is the possible fracture of high-strength steels under large com-
pressive stresses. Pugh and Green(43) and Crossland and Dearden(44) found for cast
iron that the fracture strain and ductility (and the maximum shear stress at fracture)
are increased by superimposing hydrostatic pressure, Bridgman(45) found similiar L.
les= conclusive results for steel. These are favorable results for the effect of true
hydrostatic pressure, but the possibility of similiar behavior when only one principail
stress (the radial stress in a container).is highly compressive is unknown and should he
investigated, This is a particularly important factor because the difference between the '

hoop stress and the high compressive radial stress represents.an extremely large shear
stress, ‘ .

The effect of a brittle-ductile transition in high-s'i:rength steels or the fatigue be-

havior near and above the transition temperature is another factor which may need to be
considered. ST
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SECTION 4

HYDROSTATIC EXTRUSION CONTAINERS
DESIGNED 'AND- CONSTRUCTED
IN ‘THE* PROGRAM
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SECTION 4

HYDROSTATIC EXTRUSION CONTAINERS
DESIGNED AND COMSTRUCTED
IN THE PROGRAM

XXXl
SUMMARY OF SECTION 4

The history of container design during the course of this program essentially
follows the developments described in Section 3. An early container of 3 -ring construc-
tion, designed on the maximum-shear-strength failure criterion failed due to low-cycle
fatigue. The liner was replaced by two shrink~fit rings to obtain a higher prestress in
the bore. This container was used in the remainder of the program, Stress analyses
are presented for both of those containers, In addition, this section describes the de-

.8ign and the construction of a container that was intended for stand-by use in the event

of another fatigue failure, This container was designed on the basis of fatigue design

.déscribed in Section 3,
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XXX
ANALYSIS OF THREE CONTAINERS DESIGN

The configuration of the three hydrostatic~extrusion containers described herein
was basically as shown in Figure 66, The boundary conditions fo. the designs were:

(1) Maximum operating internal pressure on bore = 250, 900 psi

(2} Maximum operating temperature = 500 F

(3) Pressure vessei ID = 2,375 inches

(4) Pressure vessel OD = 22,000 inches )
{5) Axial load on vessel is negligible,

For reference purposes, the containers will be designated Containers 1, II, and
I in order of historical development, The design of Container I commenced in June,
1961, and was modified in January, 1965, to be redesignated Container II, As a result
of the liner fatigue failure experienced with Container I, Container IIl was designed on
the basis of a fatigue-failure criterion with the aim of obtaining a fatigue life in the order
of 104 to 165 cycles, Container III was completed toward the end of the program but was
not used in the hydrostatic-extrusion studies described in Sections 1 and 2,

Container 1

Container I, which was designed and constructed in the previous progrf\\m(““), was
used in the early stages of this program. A detailed analysis of its design has been pub-
lished, (47) In view of the more sophisticated analysis made in Section 3, it would be
irrevelant to detail the design steps taken. However, the failure criterion ueed and the

design interferences obtained will provide a useful background to the development of con-
fainer designs,

Selection of Failure Criterion

Initially, failure of the design for Container I was interpreted as that condition
where the diameter of the bore increased due to plastic yvielding of the bore surface,
Such a condition would have caused leakage by the previously close fitting stem that
would result in an inability to compress the fluid adequately, With this in mind, three
cormrmonly applied-failure criterion were examined to determine which was the most
applicable,

The Rankine or maximum-normal-stress theory teaches that failure will occur
when any one of the principal stresses reaches the level of the yield strength in uniaxial
tension. Thus, it neglects the effects of the other two principal stresses. The Tresca
or maximum- shearing> stresa theory predicts yielding will occur when the difference
between the wo<imum and minimum principal stresses reaches a level of the yield
gtrength in sinmiple tension. Experimental evidence suggested that this theorywas on the
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conservative side for pred'cting stresses thatwould produce yielding in shear. There-
fore, it was decided to base the container design on the Hencky-Von Mises or maximums=
distortion~energy criterion,

The Hencky-Von Mises theory holds that a material subjected to a three-dimen-
sional stress system will yield when

(‘Jfl‘c’;a)zﬂdz“c’:;)z*(cg"‘51)2"'1'-0}2,*6Kz )

where
0y: Oa, 03 = principal stresses

Oy = yield stress as determined in uniaxial teneile or
compressgive tests

K = yield stress in pure shear.

In this case, for a container assembly, the stresses are considered to be biaxial be-
cause there is no axial load on the vessel., The hoop stresses are usually tensile and
the radial stresses are always compressive, Thsse two stresses will be the principal
stresses because there are not externally applied shear stresses in the system. High
resultmg shear. stresses can.be expected when the sysiem consists of two principal
stresses of oppoding sign.

_Under biaxial conditions the Mises yield criterion becomes:

2 2, _ -2 2

‘This equation predicts that yielding will occur when the stress in pure shear becomes

equal to 0,577 Y, This value is equivalent to the maximum-shear-stress criterion pro-
vided that the yield stresses-in. pure tension or compression are multiplied by 2 N3,
With that modification of the Tresca criterion, solutions determined by either relation-
ghip agree within approximately two to six percent,

Therefore, it was decided that the container would not be expected to deform

‘plastically, and the design would be acceptable, if the stressed metal in the vessel met

ezther of the followmg equivalent limiting conditions:

¥

. - 2.0.5
C E “’1“01 o3+ 03)"
*Von Mises <0.577Y
. ~/'3"
. 01 - 03
<0.57TY

Mndified Tresca ~5
whet#
gy = hoop stress at the inside of the linex

263 = radial stréss at the inside of the liner,
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Stress Analysis of Container Assembly

Al -

,&
A

e

To keep the tensile hoop stress on the liner bore to an acceptable minimum, the
maximum shrink fit considered feasible was uced between the sleeve and the liner, The
shrink fii was limited by the temperature to which the sleeve could be heated without
softening. This temrerature was 1000 F for the alloy steel used for the sleeve, Since
the liner was kept at room lemperature during assembly, the maximum permissible
shrink fit was 0,007 inch per inch, Although this is an extraordinarily large shrink
fit for the size of the components invoived, it was achieved with no apparent adverse
effects. The shrink fit of the container on the sleeve was 0, 0025 inch per inch, Fig-
ure 67 shows the arrangement of the rings and indicates interferences between them,

=
o
i

For the component dimensions, the effects of the shrink fits were as indicated in
Table XLIX. These values were computed in a straight-forward manner by applying
Lamé's equations for thick-walled pressure vessels, The elastic modulus was taken to
be 30 x 106 psi at 80 F and 25 x 106 psi at 500 F, A step-by-step procedure was used to
determine each component stress in the assembly, The resulting prestresses at various
conditions of interest were then determined by super-position of the component stresses.

TABLE XLIX. PRESTRESSES DEVELOPED IN THIEE CONTAINER ASSEMBLY AT 80 F AND 500 F

Nominal Diametral Resulting Prestress Resulting Prestress
Diameter, Taper, Interference, at 80 F, psi at 500 F, psi
Component inches degrees inch Radjal Hoop Radial Hoop
Liner, Inside 2.815 0 - 0 =200, 000 0 ~166, 650
Outside 7,437 2 - ‘=88, 800 =110, 200 ~14,1700 -91, 850
0,052 ) .
Sleeve, Inside 7,437 2 e ~88, 800 +102, 000 -14, 700 +85, 000
Outside 13,375 3 - -23, 200 486,750 ~19, 700 +29, 3060
0,033
Container, Inside 13,8175 T8 - ~23, 200 +51,175 ~19,700 +42, 650
Qutside 22.0 0 . ¢ +217, 626 0 +23, 000

The hoop and radial components of the stresses developed in the container assem-~
bly solely by internal pressure, or independent of prestress, were also calculated, The
values are given in Table L, The stresses resulting from the combined effects of the
shrink fits and internal precsure are equal, of course, to the algebraic sums of the ap-
propriate values in Tables XLIX and L, The resultant stresses, at various locations,
are indicated on Figures 68 and 69,

TABLE L. STRESSES RESULTING SOLELY FROM AN INTERMAL PRESSURE
OF 250, 000 PSI

Stress, pst
Component Radial Hoop

Liner, Inside ~2590, 000 4255, 920

Outaide ~23,900 +28, 150

Sleeve, Inside «23,900 428,750

Qurside ~8, 000 +10,900
Container, Inslds ~8, 000 CELO, GO0 -

Ontside 6 +5,776

. . F 221
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The fact that the elastic modulus of .he liner, sleeve, and container malerials

would be less at 500 F than at 80 F, lower estimates of interfacial pressures and pre-
stresses were obtained,

The comubined effect of the liner-sleeve and sleeve-container shrink fits caused a
hoop prestress of -200, 000 psi, at 80 F, on the liner bore. Figure 68 shows that, for
this amount of precompression, an internal pressure of 250, 000 psi produces a tensile
hoop stress on the bore of only 55,900 psi. As shown in Figure 69, a similar internal
pressure at 500 F would produce a tensile hoop stress of 89, 250 psi at the bore.

In spite of these relatively low hoop stresses, obtained by using the heavy shrink
fits, the effective stresses at the bore are extremely severe. For example, the effec-
tive shear stress at 500 F, where 0} = +89, 250 psi and 03 = -250, 000 psi, is approxi-
mately 175, 500 psi. This means that the uniaxial yield strength of the liner material at
500 F would have to be about 304, 000 psi to avoid yielding. Obviously, this is 2 difficuit
requirement for most liner materials to meet,

The types of steel ordinarily used for hot-working tools do not have sufficient
strength for the application. Some of the high-speed-type tool steels which will develop
adequate strength levels are lacking in ductility, Although tungsten carbide has an ex-
tremely high compressive strength, the cost of such a large component would be
prohibitive,

The compositions of the steels selected for the three parts of the container assem-
bly are given in Table LI. The steel selected for tae liner appeared to have the most
suitable combination of strength and ductility of materials available in suitable sections,
It was less expensive than some of the other materials considered such as tungsten car-
bide, Both the liner and sleeve were made from steel produc:d by consumable-electrode
vacuum-melting practices, It was expected that this melting process would minimize
alloy segregation and inclusion contents. The heat treatinents given the components,
and the resulting hardnesses, are also given in Table LiI. ’

The components were subjected to ultrasonic inspection at different stages of
manufactura. One forging intended for the container ring was scrapped in the rough-~
machined condition on the basis of the inspection,

The mating surfaces of the components were finished to a surface roughness of
65 u-in,, rms, The inside surface of the liner was ground to a surface finish of 4 u-in.,
rms. The smoother surface minimizes the possibility of fluid leaking past the sezls
at high pressures,

Operational Capabilities Predicted by Theory

Despite the high stresses on the liner and slzeve, stress analyses incicated that
the container assembly would meet or closely approach the operational requirements,
Table LII presents the results of the stress analyses of greatest interest. The safety
factors listed were based on reasonable estimates of thu tensile yield strengths and the
effective stresses computed by the Hencky-Von Mises relationship. They indicated the
container assembly was capable of operating at an internal pressure up to 250, 000 psi
at room temperature and up to 230, 000 psi at 500 F,
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TABLE LL. COMPOSITIONS, HEAT TREAT.ENTS, AND HARDNESSES
COF THE COMPONENMTS USED FOR CONTAINER I

Liner Sleeve Contaiper
AISI M50 AISI H11 AISI 4345
Composition, percent
Carbon 0.80 0.41 0,35
Chremium 3,96 5.10 0.97
Molybderum 4,05 1.23 0.41
Yanadium 1,10 0,89 0,11
Nickel 0,96 - 2,19
Manganese 0,23 0.27 0.70
Slicon 0.20 0,94 0.28
Phosphorus 0,01 0.002 0. 612
Sulfur 0,907 0.003 ~ 0.911
Cobalt 0,02 e ~-
Copper 0.08 -~ .-
Tungsten 0.03 -~ -
Heat T;eatmegi
;" Preheat 1500 F for
o 1-1/2 hour
Austenitize 2000 F for 3850 ¥ for 1570 F for
1/4 hour 1-1/2 hours 6 hours
Quauch 1050 ¥ for Alr cool Oil bath
’ 5 min. in
salt bath.
afr cool
Temper 1000 F for 1000 F for 900 F for
; 6 hours 4 hours 12 hours
1000 F for 1025 F for
6 houss 4 hours
1025 ¥ for
4 hours
Hardness
Rockwell “C® 63 £7/58 43
i
228

PR




A3, e (L b e ol i - iy
SRR WWLW@\W*W«MQM&@%MWMW%mw:mumuw‘:wmummm ~ SN, s

P I

:‘ﬁ&%’l\ (P

R -
'
"ﬁ’«::f-i}é%m‘sgﬂ

TABLE LIL SAFETY FACTORS ESTIMATED FCR THE COMPONEWTS OF
CONT AINER 1 FOR VARICUS OPERATING CONDITIONS
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¥ o Feusile Sheat Blloctive
= S Tensile Yield Yield intemal Stress on &
,; . Typeaf  Tempetarure, Strengtt{a),  Strength(b),  Presswre,  Composentc). Safety Zé
‘;«, - Campornent freel by ol psi pst pst raw,;\(d) \:p
3 - I'ner AISI M50 8 885, 00¢ 197, ¢00 250, 000 162,250 .17 ;i{é
i _(ID) B £00 24,000 167,000 450, 009 173,500 0.95 gé
%’:ﬁ ) . 80 339, 000 180, 000 230, 000 144,00 1.82 iﬁ
i : 500 - 290,000 161,000 230, 000 156, 500 1.07 4
Sleeve “AIST HI 80, " 240,000 138,500 230, 000 121, 000 1.14 ;
(1D) 500 215,000 124, 000 250,000 106,260 1,37
80 240, 600 138, 500 230, 000 117,000 1.18
500 215,000 . 124, 000 230, 000 104,250 1,19
Container  AISI 4340 80 15¢,000 92,300 250,000 47,250 1,95
(1) - oS00 .. 125,000- 72,100 280 00¢ 41,250 1,75
500 < 195,000 12,130 280,080 40,750 177
(2) Estimated from measured hardneives, N7 o , L

(b) stimated as being 0,577 of ténstie-yield susogth, :

() _ Strzss computed by Hencky-Ven Mises relationship; shear stress by Tresca relatfonship would bs approximately 2 to
6 percent lower, . ' ..

(d) Based on ratlo of shear yleld strength to effective stress,

During the experimental research program the container assembly was operated
approximately 12 times at 500 F and pressures up to 250, 000 psi on the ram or stem.
Based on experience at room temperature, the internal fluid pressures in those experi-
ments are believed to have reached about 225, 000 psi at the inside surface of the liner,
The container was operated in approximately 350 experiments at room temperature,
Fluid pressures inside the container ranged up to 265,000 psi, However, early in this
program, the liner failed after holding at a fluid pressure of 246, 000 psi (at 60 F) for
2-3/4 minutes, The failure consisted of a longitudinal crack that ran from the bottom
of the liner to about 3-1/2 inches {rom the top and terminated in a transvezse crack,

At ihe time of fajlure, the stem was inserted about 4 inches into the liner bore. The
longitudinal crack did not extend much beyond this point, evidently because of the high
compressive prestresses on the bore above the stem seals, $:

The liner had been made rom consumable, vacuum-melted AISI-M50 tool steel,
Examination of the fractured surfaces of the liner by several techniques indicates that
the failure resulted from low-cycle fatigne, The failure appears to have iritiated at a
point near the middle of the longitndinal crack. A photomacrograph at 25X of the
fractured surface at the suspected point of initiation is shown in Figure 70, It is not~1i
that radizl ma.kings appear to emanate from a small round void indicated by an arrow,
This void is approximately 0,005 inch in diameter and is located 2bout 0, 008 inch
beneath the liner bore surface. The mating {ractured surface contains a protrusion
which appena~s to match the void in size, shape, and location,

The precise nature of the protrusion is not known, It is suspected that it is an
inclusion, although it is unusually large for consumable, vacuum-melted materials in
which inclusions generally are nc larger than about 0, 0005 inch, Thiz was found to be
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the case on metallographic examination of other specimens taken close to the origin

of failure. In spite of the relatively large size of the suspected defect, however, it is
still far below the sensitivity range (3/64 inch) of the ultrasonic equipment used to in-
gpect the liner during fabrication. Detection would have beer. made even more difficult,
of course, if the protrusion had filled the void completely at the time of testing,

Electron microscopic fractography was employed to determine the mode ‘f crack
propagation in the vicinity of the origin. A standard two-stage plastic carbon replication
technique was used to obtain replicas of an area approximately 0.1 inch2 containing
the above described void. Examination at a magnification of 12,200X revealed the
fractured surface to be generally flat and featurelese with localized regions containing
very fine fatigue striations, The fatigue striations are indicated by the arrows in the
electron microscopic fractograph shown in Figure 71, The small spacing of the stria-
tions suggests that crack growth may not have been due to the extrusion pressure cycles
slone, but also to a vibration or pulsation superimposed on the high pressure. An
obvious source of this vibration ig thie hydraulic pump of the press which can transmit
pulsations to the liner by way of the ‘stem and hydrostatic fluid. The extent to which
such vibrations may have contributed to the rate of crack growth is not known.

Ancther feature of sipnificance is evident in the fractograph shown in Figure 72,
This is the typical cleavage-type fracture (fan-like striations indicated by arrow) of
undissolved cérbidas.‘ This observation indicates that these particles would have
accelerated growth of the fatigue, crack by fracturing in a brittle manner on a single
cycle of load over a distance much larger than the ciack growth per cycle indicated by
the very fine striatmna noted earher . ’

Metallographic examination of an area adjacent to t&e vmd revealed interdendritic
networks 2f undissolved carbide parti, cles. o

Container p1g

-, Revised Container-Assembly Dezign : =

Tooling componerts that are made (.om low-ductz iity matena,ls am" 0}?: -rate in
aprw.c'e at low safety factors are prone to failurs by low-gycle fatigne. (Z", 4%) The liner
component is & case in point. To minimize posaible problers with low-cysle fatigue,
it was felt at the time that th¥ service stresses should be hel.d below, the elastie limit,
rather than below the 0,2 percent offset yield strength of the matezial, Lne of the
problems, however, was the lack of adequate and reliable data on elastic h,vut and vield
stringth of AISI-M50 steel {liner material) in the hardneps range.of R 2o 44 to 63, In the
absence of such data, a minimym safety factor of 1. 25 (Laaed ox. best estimates of yield
‘str zength) was selected for the revised design to reduc*e t}'ze posgibility of stressing the
comyonent above the elastic limit, b

Changes in ’che container a&s‘aemb/ly design almed at increasing the safety factor
were negesgarily )imited to those which wauld keep fabrication costs to 2 minimum,
Thus, possilile design changes were narrowed to twa optiona, both of which included
Gre of the preseat eleeve und copzxiner components In one design, use of a tungsten
carbide liner was congidered bsz:c;uae of iv2 high compressive yield stxeugth, However,

_this design was eliminated 'rwcaua* the difference in thermal-expansion coefficients
between steel and carbide {&.5 x 16~ -6 vorsus 2,5 x 0 -6 {nchfinch/ ¥l would cause the - -
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required interference fit between the liner and sleeve to be lost during operation at
500 F,

The second design consisted of replacing the liner component with two rings which
occupy the same volume as did the liner component, This design was used because
calculations indicated that the safety factor could be increased to a minimum of about
1. 25 without resorting to any larger interference fits than were used in the present
container assembly,

The final revised container assembly design is illustrated in Figure 73, To avoid
possible confusion, the designations for the component rings have been changed as
follows:

Container I Container II
(Figure 67) (Figure 73)
Liner Liner
{(None) Sleeve 1
Sleeve Slteeve 2
Container Container

In other worda, Sleeve 1 was a new addition to the old design, but Sieeve 2 is the same
component a8 the 'sleeve’ in the old design,

Stress Analysis

Referring to Figure 73, it can be seen that the liner was assembled with the same
manufactured* interference fit of 0,007 in, /in, as that in the previous container, How-
ever, because the liner in Container II had a thinner wall such an interference would
generate a higher hoop prestress on assembly than was obtained in Container I pro-
viding the "assembly* interferences were also of the same order, To achieve the same
"assembly' interference between the liner a: 1 Sleeve 1 shown in Figure 73 as that ob-
tained in Container I, it wae found necessary to manufacture an interference of 0, 0048
in, /in, betvieen Sleeve 1 and Sleeve 2, Measurements of the liner bore before and after
assembly were used to determine the actual stress digtribution achieved in the assem-
bly. Equations 13 and. 14 in Section 3 were used in these calculations,

The stress patterns calculated for both room temperatu.e and 500 F are pre-
sented in Figures 74 and 75, Each figure shows both the hoop and radial stresces
developed at the ring interfaces under internal fluid pressures of 0 and 250,000 psi.

The combined interference fits of 0, 0071 and 0. 0048 inch per inch on the Sleeve 1-
liner and Sleeve 2-Sleeve 1 intexfaces, respectively, place the liner bore in precompres-
sion with a stress of 260, 650 psi at room temperature, With this amount of precompres-
sion, it can be seexn in Figure 4-8 that an internal pressure of 250, 000 psi at room
temperature produces a tensile hoop stress on the liner bore of only 5, 600 psi. At
500 ", the precompression is reduced from 260, 650 to 217,250 psi (Figure 75) because
of the decrease in elastic moduli of the rings at this temperature. In this case, the
tensile stresa on the liner bore at maximum internal pressure is increased from 5, 600
to 49,000 psi,

*The "manufaciured” interference is that which is obtained before assembly and represents the difference in size between each

mating dlameter, The “suembled™ interference is greater than the “manufactured” interference before assembly by an amount
propoitiona? to the extent that each ring changes dimensions elastically as the rings are awembled,
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Component Ring Materials

Consumable-elecirode vacuum-rrclted AISI-M50 tool steel was selected for the
liner and Sleeve ] rings. This tool steel, which had been used in the original liner,
was selected over other candidate steels (such as AISI-M1 or M10) because it possessed

the most euitable combination of strength and ductility. Each component was hardened
to Rcy 61 to 63,

Cleeve 2 Lnd the container ring were made of AISI-H11 {Rg 57) and 4340 (R 43)
stecls, respectively,

Operational Capabilities

Safety factors were calculated for internal fluid pressures of 250,000 and 230,000
ps: at both room temperature and 500 ¥. They were also calculated for a fluid pres-
sure of 220,000 psi at 500 F. The results »f the calculations are given in Table LIII, It
can be seen that the safety factors for the liner and Sleeve ] are 1,29 and 1, 30,
respectively, for operation at fluid pressures of 250,000 psi at room temperature. At
500 F, the safety factors fall below the minimum of 1,25. Thus, the fluid pressure
maust be reduced for 500 F operation to minimize the possibility of low-cycle fatigue.

At 230,000 psi, the safety factor for Sleeve 1 is 1, 37 but only 1, 18 for the liner. In
view of this, it is recommended that fluid pressures at 500 F do not exceed about

220,000 psi, At this pressure level, the safety factors =re 1. 27 for the liner and 1, 33
for Sleeve 1,

TABLE LII. SAFETY FACTORS ESTIMATED FOR LINER, SLEEVE 1 AND SLEEVE 2
OF CONTAINER I FOR VARIOUS OPERATING CONDITIONS

Tensile Shear Effective
Tensile Yield Yield Internal Stress on .

Type of  Temperature, Strength,  Swrength(8),  pressure,  Component(b),  Safety

Component Steel ¥ pst psi pei pst Factor(©)
Liner AISI-Mb0 80 330,000 190, 000 250, 000 146,250 1,29
(1D) 500 290, 000 167,000 250,000 160, 800 1,04
80 330, 000 190,000 230,000 137,000 1,48
500 290,000 1617, 000 230,060 141,500 1,18
500 290,000 167, v00 220, 000 132,250 .27
Sleeve 1 AISI-M50 80 330, 000 190,000 260,000 145, 500 1,30
(ID) 500 290, 000 167,000 250,000 134, 500 1,24
80 330,000 196, 000 230, 000 135, 000 1,49
500 290,000 167,000 230,000 128,000 1,31
500 26¢, 000 267,000 220,000 130, 000 1,29
Sleeve 2 AlSI-H11 80 240,000 138, 600 250,000 95,000 1.46
(1) 500 215,000 124, 000 250, 000 83,500 1,48
500 215,000 124,000 230, 000 81,500 1.52

(«) Estimated as heing 0,577 of tenstle yield strength,
(b) Stress computed by Hencky-Von Mkes relationship,
(c) Based on ratio of shear yleld strength to effective stress,
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It should be noted that the stress analysis of the revised container assembly does
not include any supporiing contribution from the container component. This assumption
was used because it i8 not known whether the original interference-fit of 0. 6025 inch
per inch between the container and Sleeve 2 could be maintained while removing and
replacing the failed liner. Therefore, the stress analysis assumed that only a metal-
to-metal fit existed at this interface and that the container ring was not a load-bearing
component, However, if any interference-fit did exist and the container ring did bear
a portion of the load, the safety factors of the revised ccntainer assembly would be
slightly higher than thcse shown in Table LIII,

Cantainer IIL

As a result of the liner fatigue failure in Container I, it was conridered desivable
to have a standby container which would ensuzre continuity in hydrostatic-extrusion re-
search if further failures occurred, At the same time, constructicn of such a container
presented a unique opportunity to use the np-to-date stress analysis and design for a
four-ring unit based on a fatigue-life criterion,

The Design of Container III

1t was decided to construct Containor III with materials whese fatigue properties
were known. On the basis of the data given in Tables XLI, XLII and XLIII, AISI H1! tcol
stee]l was consicered to be a good candidate material, Calculations showed that a
fatigne life of 105 - 106 cycles could be achieved with AISI H11 within the 250, 000 psi
pressure limit,

A four-ring container, similar in dimensions to those of Container II, Figure 67,
was chosen for analysis, The liner was considered to be of high-strength steel
surrounded by lower strength, ductile outer rings, The analysis of residual stresses
(prestrasses) and the required shrink-fit interferences were programmed for calcula-
tion of the Battelle computer, The computer codes developed at Battelle for this con-
tainer design were:

PROGRAM COMPHS1 - Calculation of maximum pressure-to-strength ratio
for container having an ultrahigh-strength liner.

PROGRAM COMPHS2 - Calculation of operating stresses, prestresgses at
operatiag temperature, and interferences required
for shrink {'t agsembly,

The hoop and radial components of the design prestresses and operating stresses at
room temperature are plotied at their various locaticnc in the assembly in Figure 76.
The combined effect of the multiple shrink fits was to cause a compressive hoop stress
of 256,000 psi on liner brwve, Under an internal fluid pressure of 280,000 psi the
figure shows tha: the design tensi.e hoop stvess produced on the bore is zero.

“he high interface and hoop streeses, bore pressures of both zero and 250, 000 psi,
were considesed to Le out of the realm of the capabilities »f an alloy such as AISI 4340,
which was used previously 28 an outer ring material, Consequently, .\iSI Hll tonl
steel in a softer ceudition than the liner, was chosen for the outer rirgs., The com-
position, heat treatment and hardnesses of the H11 steel produced by consumable-
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elzctrode vacuum-melting practices, used for construciing the container are given in

Table LIV, A thorough ultrasonic inspection of each ring revezisd no measurable
defects,

USED FOR THE FOUR-RING ASSEMBLY CF GONTAINER I¥f

AISI-H1l, Nominal Composition, percent ~ (All rings)

i
TABLE LIV, COMPCSITION, HEAT TREATMENT, AND HARDNESSES OF THE COMPONENTS '
!

0.41 Carben §.1 Chromium 1,23 Molybdenum o
0.5 Vanadium 0.27 Manganese 1.0 Siticon ’

Heat {reatment

Austenitize 1850 F for 1<1/2 hr
Quench , \ Air cool Al rings
Temper, liner 950 for 2 hr
1000 for 2 hr ‘
1000 for 2 hr Hardness -~ R~ 54/56
lemper, outer three rings 1090 for 4 hr
110¢ for4 hr
1110 for 4 hr Hardness ~ Re; 44/46

.

Beczuse the whole container unit was made from the same material, the co-
efficient of thermal expansion in each ring under temperature was the same. (It was
not expected that differences in hardness levels of the rings would markedly affect the
coefficiént of thermal expansion,) Therefore, the stress distribution pattern for the
rings at 500 F would be the same as those shown in Figurc 76b. However, the pressure
capability at 500 F is limited to 225, 000 psi by the effect of temperature on strength.
Therefore, the interface stresses predicted in Figure 76b would be less proportionately
to the bore stresses, in service at 500 F, The same pressure limit, 225, 000 psi at
500 F was also imposed on Containers I and II,

It is pertinent at this stage to compare the residual stress patterns in ContainerIl,
Figure T4a, with those predicted for Container III. It is seen that the design hoop pre-
stress of 268, 000 psi in the H-11 liner of Container III is about 3 percent higher than
that for the harder AISI-MS50 liner in Container II, In view of the lack of knowledge of
the fatigue properties of AISI-M50 it is not possible to determine what the predicted
fatigue life of Container II would be, However, rotating-beam fatigue data obtained on
a similar type of material AISI M2 at 2 hardness of R 62, suggests that the fatigue
limit at 106 cycles for AISI-M50 might be about 140, 000 psi whereas for AISI H1l the
corresponding figure is 150, 000 psi. (49)

Container Assembly

anvana

The four rings, which were slightly tapered for press fitting, were assembled by
a hydraulic press from the outer ring inwards, A lubricant was applied to the inter-
faces of the rings to ease assemblv The calculated press loads required for assembly
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ars given below with the associated manufactured interferences.

The press loads were
¢stimated by arsuming an interface coefficient of friction 0of 0, 1,

Manufactured
Interference,
Ring Load, tons inch/inch
Sleeve 2 into container housing 1500 0,00208
Sleevs 1 into agsembly 1049 0.00443
- - Lins?-iido assembsy - 1130 0.60443

It is important to note that all the interferences given above are as manufactured and
not as generated during assemvly., The agsembly interference achieved in pressing
the liner into position was 9, 0092 inch/inca, It was not possible to determiine the actual

press loads required because in each case, the rings were pressed home in a continuous
stroke up to the press capacity of 2200 tons,

) By measuring the linex bore diameter before and after its asserably, the actual
surface hoop prestress was calculated to be -255,000psi, This is lower than the design
prestress of -268, 000 psi, While the maximum pressure capability of the container
remaine at 250, 000 psi;, the effect of the reduction in prestress obtained is expected

to marginally reduce the fatigue life (106 cycles) compared to the design value.
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APPENDIX |
ELASTICITY SOLUTION FOR A RING SEGMENT

A ring segment is shown in Figure 77. Its geometry is defined by the radii r}
and rz and the angle a. The loading of the seginent is a pressure p; at ry and pp at rj.
For equilibrium, p, is related to p, by Equation (21) in the text; i, e.,

P
ky

Py = {(62)

FIGLEE ?7' ’z: é\fzgrny OF RING éEGM}"-:‘Nr

solutions: The Lamé solutic%"'fc:ea z?Imder, Equatmn,s (13a-—c) and (143. ’s) in the text,
pius a bending soluiion, Eqv.f*ier-s {48% and 153) in Bsference (41). The bendmg solu-
tion removes the moment front the sides of the segment that existe in the Lamé solu-
tion, The latter equations for the- beﬁdmg solu‘;mu are written- as

-

My LMy
(g )y = By £, (v), {ugl, =Rk (r?, (oo, =0 - (93a-~c)

and




T I o i G R A e i Y P Ao 2

u Mlpl . e
(;)b= —Evgé? zsir) p e CO5 O
) (94a-c)
: v
(-:-)b = %%i (e - 1)@ - iﬁ. ain @

where fl(r), fa(r), and f3(r) are defined by !:,qummn? (202 -¢) in the text and where
B) = (kp? = 1)2 ~ 4ky” (log kp)? o O (95)

The moment M = Mlplr 2 is found by mtegxaﬁmg ﬂxe ‘aegacwe ol biw Lami hooy stress
(0g)e for a cyhnder given by Equation (13b) in the te;xtc, rer the mde of the Jwgmcmt,x .,

S AP /By RN B,
e 1 f Pa ?§ (z 2 -

L e e Ivi= S B I B e« ettt i")g k " (96)
R . AR N ¢/ \p kz? -1 2 SR

C’l- ig fuumi by taking a reference point for the radial deflection u, If the point
ry + rz-
rg o —— 9 = 0 is fixed,

then -
7 ,‘" o7 . M 'r ",."-'" - -’, R rj"_\;_2:~ ) ) . r
T oo 1D a2 L 2 0\
. S T -4 () + ik, (w—f fog ky + 4(1 v} [k mg(»-—-
T R 7/
- ; . ", T 4';'}:',‘ - . -
R B - B
- log rlj sk, -1 p (97)

The equations faor the total stresses and divplacements in ring segments were pro-
grammed on the computer and some calculations carried out, Example results are
given in Table LV for ky =2.0 and a = 60 degrees, It is noted that a small residual
stress Og remains on the side of the segments, To be more accurate, i.e., to
achieve sidea entirely free of stress, the residual 0g could be removed by using a
"dipole" solution in addition to the beading solution, However, the self-equilibrating
residual stress that would be removed ha. a local edge effect according to the principle
of St. Venant, Therefore, the gp stresses in Table LVI are believed to be indicative of
the actusl magnitude of hoop stresses in segments at the center,
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TABLE LV. STRESSES AND DEFLECTIONS IN A RING SEGMENT,
k, = 2,0, a=60° v=0.3

B Ev_
31 rpl
:c'/r1 O'r/p1 Og/ Py ato=10° at 8 = 30°
1.0 -1, 0000 0,0394 0, 6324 ~0, 1301
1 -0, 9068 0.0323 0. 4877 -0, 0853
1.2 -0, 8310 -0, 0033 0.3747 -0, 0480
1.3 ~0,7676 ~0,0112 0, 2846 -0, 0164
1.4 -0, 7137 -0, 0137 0,2117 0.0107
1.5 -0, 6670 -0,0126 0.1519 0. 0341
1,6 -0, 6260 -0, 0089 0, 1022 0.0547
1.7 -0, 5896 -0, 0033 99606 0.0728
1.8 ~C, 5568 0, 0035 10,0254 0, 0890
1.9 -0, 5271 0.0113 =%,.-0046 0, 1034
2.0

-0, 5000 0.0197 -0, 0303 0,1163

Appreciable bending, displacement v, is also noted, The bending increases with
segment size and angle @ as shown in Table LVI. This bending would tend to cause the
segments to dig into the liner as shown in Figure 78. Therefore, it is recommended
that segments be designed with radii larger than the radii of matin_ cylinders in order
to compensate for the change in radii due to bending. This is illustrated in Figure 78,

Note that the deflection u in Table LV can have an arbitrary translational com-
ponent; i, e., the segment is free to move radially a constant amount, In calculating
interferences, the difference in deflection u(ry) - u(r;) at 6 = 0° is used and the con~-
stant amount drops out,

ELASTICITY SOLUTION FOR A PIN SEGMENT

A pin segment is shown in Figure 79. Its geometry is defined by the radii r] and
r, and the angle 0, r, is taken to the inside of the pin holes as indicated, The loading
of the pin segment is more complicated than that of the ring segment as shown in
Figure 80, A constant pressure p; is assumed to act at the inside, A variable pres~
sure ig assumed to act at the outside, i, e,,

Or = ~Py» at ry
(98a,b)
0. = =Py (1 + cos mé), at rp
In addition, a shear acts at rp:
T.g = =T sinmb, at rp (98c)
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TABLE LVI, DEFLECTIONS IN RING SEGMENTS, ¥= 0,3
{a) a=60°

E—B—-ate—w -E-:-\-'—at6=oc

rpy rpy
kz r=r, r®r, r =1y r=7rp
1.1 0, 3463 0,2291 -0, 0008 0. 0447
1.2 0. 3899 0.1730 -0, 0221 0, 0612
1.3 C, 4287 0, 1494 -0, 0408 0, 0652
1.4 0. 4642 0,1153 -0, 0576 0, 0743
1.5 0,4970 0, 0611 ~0, 0726 0. 0931
2.0 0, 6324 ~0, 0303 -0, 1301 0,1163
3.0 0,8251 -0, 0905 -0, 2013 0, 1243

{b) k, = 2,0

Eu

——yt 8 Ev _

Py ;;;at 8=qaf2

a 1'=1‘1 1"-'-’1'2 r=r1 1'=I‘2
45° 0, 6324 -0, 0303 -0, 1052 0, 0835
60° 0, 6324 -0, 0303 -0, 1301 0.1163
90° 0,6324 ~Q, 0303 ~0, 1529 0, 1957
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where

m = 471/a

-~
0
~O
-

If Ng is the number of segments then m = ZNg,

The shear force T,g must balance the pin force P shown in Figures 80 and £1,
From Figure 80, it is seen for equilibrium of P, that it is required

af2 @
tg T.g cos (6 -~ Y rzde =P/2
a/4

where t is the segment thickness, Substitution of (98c) into this integral and integration
gives

e (m?- 1P (100)
metrZ {1 + cos ©"/m)
where P must be in equilibrium with p; as shown in Figure 8L i,e,,
P=prt. (101)

1
P
§
el || ere
] !
p P
A- 33122

FIGURE 81, LOADING OF PINS
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For radial equilibriuin of the loadiage shown in Figure 80, p, can be found by integra-
tion, i, e,,

C — e a—

‘a2 . _ .
2 3 ['rresm 6 - ¢, cos 6] r,dé ’rz = ?,plr1 sin 3
0

Substitutior. for T.g and g, from (98b, ¢) and integration gives

1 2 ., Pl
p, = [(m “1) s -m'r] . (102)
2 (mz-Z) ko

The stresses in a pin segment are found by superposition of three solutions: the
Lamé solution for constant pressures py and py at the ry and ry respectively, a
sinusoidal soluti n for the variable o, loading -p, cos m8 at r, and a bending solution
to remove the hoop stress of the first two solutions from the sides of the segments, The
Lamé solution .s given by Equations (12a-c) and (14a,b) in the text, The sinusoida! solu~
tion, taken from the cos m6 part of Equation (81) in Timoshcnko and Geudies{41), is

-2
0, = {m(l -m)am pm +(2-—m)(1+m)bmpm
-m (m+ 1) ¢, P2 4 (2 + m) {1 - m) d, ,d‘m] cos mo
TG il;m rr - 1) a,, eM2 4 {m + 2) {m + 1) b, P
+m (m + 1) € p~m=2 4+ (m ~ 2) {m - 1} d-m p"m] cos mb (103a-c)
Teg =M [(m - 1) a_ P2 4 (m + 1) b P - (m + 1) m p"m"z

t (~m+ 1) d,, p"m] sin mé

where
ps r/r2 . (104)

From the boundary conditions ¢, = 0, T, g = 0 at Ty and 0. = =pp cos mf, T,3 = ~Tsin m0
at ry for the sinusoidal solution, the constants apn,, by, Cm: and d,, are found to be

- ‘ 2 ] 2 . 1. 2mt2
) P, T m® + (1 - m#) kz ko -‘
Bm 2 2 ﬁz (m - 1)
%

B

2 - oM
¥ T) k2 (1 - k™)
ol —

B . ———— < A N 4| o m—t— % % rgon ¢ #r B I R 4
e N

i — = — —




BAKEAUNGI 1L 2w 000

e

PP N

[=ad
1

2
-p mk
2, T
={ —= 4 = Z (kZZ - 1)
m 2 2 '82

- 4 w k,2mt2
(pz 7) miky? - k")

2 7Z) m¥ 16,
(105)
. 2 .1 "2m
m 2 2 Bz
- - 2 _ ., -2mt2 4 .2
+ ...b.,.?...T (1 - m2) X, ky tm
2 2 B, {m+ 1)

- 1. & 2 . ~ém
d_ = ..E.g. + T mKZ (ka kz :
m 2 2 By (m - 1)

+\'-é-’---é-) En-z?- kzz (ko2 - 1)

where

B,z m [-mz Kz 4 2 (m? - 1)k, + k272 4 k22 - mz} (106)

The bending solution is found in a similar raanner {c the method used previously
for the ring segment, The resulting total stresses and displacements for the pin seg-
ment are given in Equations (22a-c) and (23a, b) in the text, The functions gml(r),
8m2(r), and g 3(r) in Equations (22a-c) are recognized as the coeflicients of cos mf

and sin mo in Equations (193a-c). ¥m4{r) and gms{r) in Equations (23a,b) are defined
as:

8ma = -l +v) ampm"z + [2(1 ~v)~-m{(l+ v)] by, P

+m(i + V) ¢ 4 p"m"2 + [Z(l ~V)+m(l+ 'V)] dmp"‘m

(107a,b)
gmssm(1+V)aum'2+m[m:n4+v] b, P ’

Ty~ 2, m - 4 -m
+m(1+V)CmP ’}‘m[-'-;{—"f'l/] dmp

and Gy is defiped as

r e | M2 r \®
Gza-g- m {1 + V) am<;§-) ~ [z {1 ~¥)~-m (1+v)] gm<;~?'
(107¢)
r \ -2 r 4 ~m
o , . o
-m(1+V)cm(-;£) ~[2(1 -v)+m{l+v)] dm(;';)
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The bending moment is MZPlriz where
2 2
- 2 Y,
M, = —— “2 l+k21 Ky | + Z2 +k2 ek
272 2 2 08Xy Pa| ™2 L 2
2 2 !
- . 1
+ EL -{m=-1)ak m2 [kzm - ] - (m+ 1) b k,”™ [k?m“ - 1J
1 A
m+2 -m m ~-m+2
+ (m + 1} cm kZ [kz - ] - {m ~ 1) dm kz [k,?. - l] (108)

By was defined previously by Equation {95).

The equaticons for stresses and deflections in pin segments were programmed on
the computer and some calculations were carried out, Table LVII gives some results for
ky=4,0and &= 60°, At =a/4=15°and r/r) = 4, edge of pin hole, it is noted that
Gglpl = 2,01, This indicates the strer. concentration effect of the hole, At 8 = af2 =30°
appreciable 0g stress remains, The edge of the segment should be free of stress,
Therefore, the results must be considered approximate, However, the residual og
stress on the edge is self equilibrating and its removal would be expected to cause only
a local effect near the edge according to the 5t, Venant principle,

Bending of the pin segment again is evident as shown by the v displacement, The
variation of displacements and of the maximum 0g stress at ithe hole with segment
geometry are shown in Table LVIII, Larger u displocements and smaller hoop stresses
are found for larger k; and a, The bending displacement v increases with a but de~
creases with ky.

The bending of pin segments would cause the inside corners to dig into the liner
just as in the ring segments (Figure 78a). Therefore, an inside diameter of the seg-
ments larger than the outside diameter of the liner would again be recommended to
counteract the bending effect,

SOLUTION FOR SHEAR STRESSES IN PINS

The pins of the pin-segment container are gubject {o shear and bending as shown
in Figure 81. The shear stress is iarger than the bending stress and will be used as
the critical stress in the pins, The maximum shear stress in a circular pin is given by

_ 4
Tmax T 3A (B/2)
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TABLE LVII. DISPLACEMENTS AND MAXIMUM HOGCP STRESSES
IN FIN SEGMENTS, v= 0.3
k ‘ - Eu Ev
Og/p) o at@8 =0 v;—;at(?:a/Z
at 6 = a/4, ?y 1
] kz r =Ty =7y r=Tr, r=ory T =1y
(a)_a= 60°
2.0 4, 3266 1.0774 -0, 0151 . -0.6387 0. 5367
3,0 2. 7247 1. 0681 -0, 1303 ~0, 5313 9, 3202
4,0 2.0126 1. 1739 -0, 1456 -0. 5149 0, 2459
5,0 1,6019 1, 2865 ~0, 1397 -0,4068 0, 2554
| (b) Xk, =3,0
f %
45° 3.3815 1.0516 -0, 1281 . -0, 4082 0, 2336
90° 2,0820 1, 1137 -0, 1305 -0, 7382 0.5195
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whers. A {8 the area of the pin and F/2 is the shear force shown in Figure 81, For

4
A= E-f;-- (¢ is pir diameter} and P given by Equation ( 101), the maximum shear

stress buccmes

16 ,
ke = -3-' 2 (:G9)

-~

This equation is the basis of £yvation (69) ir the text,
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APPENDIX I

DERIVATIONS OF FORMULAS FOR ASSEMBLY INTERFERENCES

The interferences 4 calculated in the text are the interferences required on the
component parts as manufactured. However, the manufactured interference is not
equal te the interference as assembled. The multiring container is taken as an ex-
ample. It is assumed the rings are shrink-fit assembled one-by-one from the inside.
The outer ring~ expand as they are shrunk on and the assembly interference for the
next ring to be f{itted is increased beyond the manufactured interference. The assem-

bly interference between cylinders n and n + 1 is denoted by §,,. It has dimensions of
inches.

FITTRTNCY EeC S PES

For assembly of cylinder n + 1 onto the other cylinders, 0, is expressed as

on
e
c-v
"

n+n
Z‘n T

=

(110)

FURCT RS, L N TN v

Ky

where

&I 8T S

“ﬁ(rn) = radial displacement at r, of cylinder n due to residual

pressure qp_) at r,_.

-

Qp-1 = residual pressure at ry-} dve to 2ssembly of cylinder n of wall
ratio k, onto a compound cylinder of wall ratio kjky ... Kk,
with an interference 6,.1.

qp-1 i8 calculated as follows:

On-1 _ Unn-1) - Up-1Tp- )

Tn-1} Tn~1

n

s e £ B N o SR SRR BN N N e TR

Substitution for u_ and u,_; from Equation (14a) gives

énﬂl - 1
Tn-1  Ep(kg-1)
- 2 z1 2 i.—(l-V) o1 g
En.yfp-y kpez e v k-1 L

(1-v) gl _y + (1+v) ql k;,’;

4

&
&‘
4
bt
&
5
¥

2 2 _ ;
n-1 "n-1 ka-Z kl (14v) -y

Lty

2 2 2 Z, .
"q;‘..l kn'*'l‘kn-lkn_Zaoo k1+l

E %2 -1 K2 .2 2.
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where E, = En-l = E is assumed.

2 2 2 2
6N\ (Kk3-1) (kB ¥ ... k%1
Hence, Q;\-l = E( D 1) ( 2 ) n-1 n-2 1 )

(111)
rn-l Z(kz kz kz o 2"
n n-1 n-2 k1 !
Since
u! (r.) 2q!
et q‘z‘ ! (112)
n E(kn-l)

Substitution of (111) and (112) into (110) gives

2 2 2
by Bp 8poy (Kyey gz eee kf- 1)
_=T+r 1 kzkz 2 2 (113)
n n el (1K2RZ KR, k1~1)
Now the -r—r-‘- can be calculated in sequence; i.e.,
n
G141
N

1
— et s etc.
2 T2 Ty (kfk%-l)

Equation (113) applies if the rings are assembled from the inside out. 1If the rings are

assembled one by one from the outside in, then the assembly interference for assembly
of cylinder n-1 inte the other cylinders is

2 2 2 2 .
5. A 6 K+ 1 (knnkn_}z...kN 1)

) r 2 2 P
n n n+l (kn+1kn+2"'kN' 1)

(114)

Equation (114) was found by an a2nalogous procedure to that used in deriving (113),

The method used to determine asnembly interferences &, for the multiring con-
tainer can also be used to determine assembly interferences for the other container
designs. It is important to determine : 5sembly interferences because they are larger
than the manulactured interferences anc excessive interference requirements may
make 2 deaign impracticable, )
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APPENDIX 1H

COMPUTER PROGRAMS

The aralyses described in the text were programmed in the FORTRAN IV alog-
arithmic languaje for calculation on Battelle's CDC 3400 and 6400 computers, * The
following is « list of programs which includes a brief description of each:

PROGRAM COMPST] - Analysis of compound {multi-ring) cylinder based upon
static shear strength, Calculation of pressure~to-strength ratio p, 2S in
Figure 43 in the text,

PROGRAM COMPFGI - Analysis of compound cylinder based upon shear fatigue
strength. Calculation of pressure-to~strength ratio p/ o shown in Figure 44.

PROGRAM SEGMENT!1 ~ Analysis of ring segment under radial pressures, Some
results given in Appendix 1,

PROGRAM SEGM2N = Analysis of pin segment under radial pressures and shear,
Sume results given in Appendix I,

PROGRAM COMPHS! ~ Analysis of compound cylinder with high-strength liner,
Calculations of pressure-to-streagth ratios p/o, and p/o shown in Figures 45,
46, 47, and 48.

PROGRAM COMPHS2 = Analysis of compound cylinder with high-strength liner,
Calculation of shrink-fit interferences, operating stresses, and prestresses.

PROGRAM PLTRI1 - Analysis of Poulter (ring~segment) cylinder with high-
strength liner, Calculation of pressure-to-strength rativs p/o} and p/c shown
in Figures 49, 50, 51, and 52,

PROGRAM PLTR2 = Analysis of Poulter cylinder or pressure support cylinder
(inner part of ring-fluid-segment container), Calculation of interferences,
operating stresses, and prestiress.

PROGRAM PSCYL] ~ Analysis of pressure support cylinder {inner part of ring-
fluid-segment container), Calculation of pressure~to-strength ratics p/c; and
p/03 shown in Figures 53, 54, 55, 56, and 57.

PROGRAM PGSPNCYL ~ Analysis of segmented shear-pin (pin-seginent) cylinder
with high=-strength liner, Calculation of pressure~to-strength ratio p/o) and
pj/p shown ia Figures 58 and 59,

PROGRAM MULTIR ~ Geanerul analysis of compound (multiring) cylindex based on
fatigue -strength criterior.. The'program may be used interchaugeably for the
ring~fluid-ring design concoit,

*Sinc( weiting the early programs, the CDC 3400 vomputer has been superceded by the more veratile CDC 6400 computer,
The codes have been modified accotdingly. '

255

o - - o

i P I

et w L

R Aty




-
o e =

R 'Y

(20)

(21)

(22)

(23)

(24)

(25)

(26)

27

(28)

(29}

(30)

(31)

(32)

(33)

S T N - - PP B v . PR

REFERENCES FOR YOLUME i

Fiorentino, R. J., Abramowitz, P. H., Sabroff, A. M., and Boulger, F, W,
"Development of the Manufacturing Capabilities of the Hydrostatic Extrusion
Process'’, Interim Engineering Progress Report No, IR-8-198 (III}, Contract No.
AF 33(515)-1390 (August, 1965).

Fiorentino, R. J., Gerdeen, J. C., Hansen, W, R,, Sabroff, A, M., and Boulger,
F. W., "Development of the Manufacturing Capabilities of the Hydrostatic
Extrusion Process', Interim Engineering Progress Report No. IR-8-198 (IV),
Contract No, AF 33(615)-1390 (December, 1965).

Fiorentino, R. J., Gerdeen, J, C., Hansen, W. R., Sabroff, A. M., and Boulger,
F. W., "Development of the Manufacturing Capabilities of the Hydrostatic
Extrusicn Process', Interim Engineering Progress Report No. IR-8-198 (V),
Contract No. AF 33(615)-1390 {Murch, 1966).

Manning, W.R.D., ‘High Pressure Engineering', University of Nottingham,
Bulleid Memorial Lectures, Voi II, Lecture II, Chapter 4 (1943).

Manning, W.R.D., "The Design of Compound Cylinders for High Pressure
Service!, Engineering, pp 349-352 (May 2, 1947).

Manning, W.R,D,, "Residual Contact Stresses in Built~Up Cylinders', Engineexr-
ing, p 464 (December 8, 1950).

Poulter, T. C., "High Pressure Apparatus”, U, S, Patent No. 2,554,499 (May 9,
1951), Code No. P67.35, Annotated Bibliography on High Pressure Technology,
A3SME, Butterworths {May, 1964).

Ballhausen, C., German Patent No. 1, 142, 341 (January 17, 1963).

Gorard, G., and Brayman J., "Hyd~ostatic Press for an Elongated Object'!,
Barogenics, Inc., U, S, Patent No. 3,091,804 (June 4, 1963),

Fuchs, F, J., Jr., "Production Metal Forming With Hydrostatic Pressures',
Western Electric Company, ASME Publication No, 65«PROD=17 (June 1965).

Zeitlin, Alexander, Brayman, J., and Boggio, F. George, "Izostatic and Hydro-
static Equipment for Industrial Applications of Very High Pressure!, ASME
Paper No, 64~WA/PT-14,

Meissner, M., "Hydlrostatic Pressure Devicc", U. S, Patent No. ‘3,224, 042,
Filed QOctober 23, 1963, Patented December 21, 1965,

Lengyel, B,, and Alexander, J. M., "Pressure Vessels for Hydrostatic
Extrusion”, The Chartered Mechanical Engineer, pp 405-406 (September, 1966).

Lengyel, B., Burns, D. J., and Prasad, L. V., "Design of Containers for a
Semi-Continuovs Hydrostatic Extrusion Production Machine", Preprint of paper
presented at 7th Int. M.T.D.R. Conference, Univ, of Birmingham, 12th-16th
September, 1966, .

256

[




3
R3

R T U

. S e ke g e SYPEMGTVAS Al A TS e

(34} Manson, S, S. and Hirschberg, M. H,, "Fatigue Behavior in Strain Cycling in the
Low ana Intermediat¢ Cycle Range'!, 10th Sagamore Army Materials Research
Corference, Sagamore, New York (August 13-16, 1963).

(35) Moriison, J.L.M., Crossland, B., and Parry, J.C.S., "The Strength of Thick
Cylinders Subjected to Repsated Internal Pressure', T, of Engineering for
Industry, Trans, ASME, Series B, Vol 82, pp 143-153 (1960),

e gt g s .. v
Tl o fy s B R IR B R MY 0 gyl s ¢

(36) Aerospace Structural Materials Handbook, Vol I, Table 3,051,

(37) Gilewicz, E, P., Fragetta, W, A,, Mehra, V., and Krohn, R,, ""Research on
the Binary Iron~Nickel Alloys With 20-25% Ni", ASD~-TDR=62-996, Fig. 107
(June, 1964).

BN eiop e

(38) Lunn, J, A., Sampson, H, B., Federico, A. M., and Macaulay, J. R,, "Nickel ~¥g
Maraging Steels, Preliminary Investigation of 250 and 300 Bar!, North American ‘f
Aviation Report No, NA63H-2u2, pp 22~27 (March 15, 1963), 8

(39) Booth, E. T., Brodrick, R. F., Friesecke, B. P., and Schofield, B. H.,
"Fatigue and Dynamic Creep of High Strength Steels', ASD-TDR-62-480 {(August, g
1962). 2

(40) O'Connor, H, C. and Morrison, J. L. M,, "The Effect of Mean Stress on the Push~
Pull Fatiguc Properties of an Alloy Steel", Int, Conf. on the Fatigue of Metals,
Inst, of Mech. Engineers, London {September, 1955),

(41) Timoshenko, S, and Goodier, J. N,, "Theory of Elasticity", 2nd Edition, McGraw=
Hill, pp 5859, 66~67 (1951),

4t AN i R R

(42) Berman, I., "Design and Analysis of Commercial Pressure Vessels to 590, 000
psi’, ASME Paper No. 65«WA/PT=~1, to be published in Trans. ASME, J, Basic
Engineering,

(43) Pagh, H, L1, D,, and Green, D., 'The Effect of Hydrostatic Pressure oa the
Plastic Flow and Fracture of Metals", Proc. instn, Mech, Engrs,, Vol. 179,
Pt, 1, No, 12, 1964-65, pp 415-437, ‘

AL Ty 0

bl

(44) Crossland, R,, and Dearden, W, H., ""The Plastic Flow and Fracture of a
1"Brittle" Material (Gray Cast Iron) With Particular Reference to the Effect of
Fluid Pressure!, Proc, Instn, Mech. Engrs, Vol. 182 (1958) p 805.

(45) Bridgman, P, W., "Studies in Large Plastic Flow and Fracture", McGraw-Hill,
New York (1952).

e

-§4?,«‘,¢~‘& i::""_‘gp’.‘!‘“i;'ii

.

(46) Davidson, T. E., Eisenstadt, R., and Reiner, A N,, "Fatigue Characteristics
of Open-End Thick-Walled Cylinders Under Cyclic Internal Pressure';, Watervliet
Arsenal Technical Report WVT-RI-6216 (August, 1962),

o

Ny
i

(47) Fiorentine, R. J., Sabroff, A, M., and Boulger, F. W,., "Investigation of Hydro-
'static Extrusion', Final Technical Documentary Report No, AFWL-TD-64-372,
Contract No, AF 33(600)-43328 {January, 196%).

457

RIS W R IS

¢




)
(48) Coffin, L. F., Jr., "Thermal Stress and Thermal Stress Fatigue', Proceedings
of the Society of tlie Experimental Siresrs Analysis, 15 (2), 117-130 (1958).
(49) Sachs, G., Sell, R., Brown, W. ¥., "Tension, Compression and Fatigue Proper-
‘ ties of Several Steels “or Aircralt Bearing Applications", Proc. ASMT, 59, 635
j (1959).
i
!
i
i
|
i
'3
oo
-

258

R

"t cime

At 4 i, SR

Sti T S sy

25 e bsh A




P L 4 i P AR

UNCLASSIFIED

Security Classification

PR

T

DOCUMENT CONTROL DATA-R&D

rSecurlty clessification of title, body of adstract and indeting annotation must be entered when the overall repott s classitied)

A LRI,

Mo -

1. ORIGINATING ACTIVITY (Corporate author) 28, REPORT JECUYRITY CLASSIT'CATION
Battelle Memorial Institute Unclas:ified

Columbus Laboratories TRCY T
Coluirbus, OFio 43201

T NI L

-
3 HEPORY TITL &

DEVELOPMENT OF THE MANUFACTURING CAPABILITIES OF THE HYDROSTATIC EXTRUSION
VOL. 1 AND il

4. CESCRIPTIVE NOTES (Type of report and inclusive dater)
TECHNICAL REPORT (FINAL) December 1964 - October 1967

e AU Tnomﬂ("flu! name, middle inltial, last name)
Vol, I - Robert J. Fiorentino, Barry D, Richazdsen, Ge 5,ge E, Meyer, Alvin M. Sabroff, crancis W, Boulger
Vol. 1I - Robert J, Fiorentino, James C, Gerdeen, Barry D, Ricuardson, Alvin M, Sabroff, Francis W, Boulger

(4. REPORT OATE
October 1967

78, TOTAL NO, OF PAGES
288

75, NO. OF RKFS

43

e S . S ¢

8. CONTRACT OR GRANT NO.

a8, ORIGINATOR'S RESORT NUMBK US)

AF 33(613)-1390 AFML-TR-67-827

b PROJECT NO.

8-168

€ 90, OTHEP REPORT NC(S) (Any othat numbe.ss that may be assigned
. thie report)

d.

R CL LA

: L] STAT
10- GIETAISUTION STATAMENY This document is subject to spectal export controls sud each transmittal to forelgn

governments or foreign nationals may be made only witn prior approval of the Manufacturing Technology Division of
the Air Forc~ Materials Laboratory, Wrignt~Patterson Afr Force Base, Ohio43133,

12. SPONSORING MILITARY ACTIVITY
Afr Force Materiaus Laboratory
Resesrch and Technology Division, Air Force Systems
Command, Wright-Patterson Ait Force Base, Ohic

e e
1. SUPPLEMENTY ’_ll' NOTKS

The effects of critical process varlables c. product quality atd pressure requirements were investigated for
wrought and powder materinl; 7075~0 alu.inum, AIS{ 4340 steel, Ti-6Al-4V alloy, bewyllium, TZM molybdenum
allov. s.A P,, Alloy 718: A286, Cb752, Products invest'gated were rounds, shapes, tubing and wire,

A study of general hxgh pressure container designs has Jud to a better understanding of the design parametets to
be applied for specific applications. A descriptica of containers designed and constructed in this program is given.

This document is subject to special export controls and each tranimittal to foreign governments or foreiyn
nationals may be made only with prior spproval of the Manufacturing fechnology Diviston of the Alr Force Materials
Laboratory, Wright-Patterson Ait Force Base, Ohlo 45433,

< o~

“FORM

' NOY u‘ 4 73,

1 AT




.y&’

———
s

UNCLASSIFIED
Security Classification

LINK A LINK 8 LINK C
KEY WORDS
ROLE wY ROLE WY ROLE wT

Hydrostatic extrusion
Hydrostatic extrusion - Drawing
Processing parameters .
Rounds, shapes and wire

80 and 500 F

AISI 4540 steel

7075~0 aluminum

Ti- Al-4V .lloy

TZM molybdenum alloy
Beryllium

Alloy 718

A286

Sintered Aluminum Product (SAP)
Hydrostatic extrusion contafnets
Design

Construction

Evaluation

E_ gj{» -
y
. - ) . -
. » !
i

PR y
L4 ‘ . Ayl . v . J
‘ Toos e ' ©UNCLASSIPIED /
I ~ i
Banurlty Clasutfiseting :
e g ;
E)
i
- avee b g wdipe s g - N Rk I B SE } R ORI ] A NS PRSI w K bt Rl SE RN e s b P s » Ly
PR 4 T el 4 L8 e
" - ' ‘.
s B \ o ; P
A oo o
Y ; L R "
" ¢ r ot v ) ,
” /C’ i Y YO . Lok -




